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INTRODUCTION

The TSPY gene is a tandemly repeated gene on he short arm of the human Y chromosome.
Genetic mapping and complete sequencing of the human Y chromosome demonstrated that TSPY is
located in the critical region harboring the only oncogenic or tumor promoting locus, termed
gonadoblastoma on Y (GBY), on this male-specific chromosome. TSPY is postulated serve a
function in spermatogonia by directing their division in spermatogenesis. When it is aberrantly
expressed in tissues, such as the epithelial cells of the prostate, incapable of entering
spermatogenesis, it exerts an oncogenic or tumor promoting effects, and in collaboration with other
oncogenic events, leading to oncogenesis. The majority of our efforts for the third year are focused
on the two specific aims proposed in the original application.

BODY
Task 1. To identify the oncogenic and/or tumor promoting properties of TSPY

In order to substantiate TSPY as an oncogene or tumor promoter, we have examined its
expression in about 60 more cases of prostate cancers of different clinical stages. The results
showed that TSPY expression increases with increasing Gleason grades, supporting the postulation
that TSPY is a putative oncogene on the human Y chromosome.

Expression of TSPY in Human Prostate Cancer

Previously, we have investigated the role of the Y chromosome in prostate cancer by
examining the expression of 31 Y chromosome genes in prostate cancer of various degrees of
malignancy and prostatic cell lines [1]. The results from this initial survey identified the TSPY
gene to be a strong candidate gene from the male-specific chromosome that could potentially
contribute to prostatic oncogenesis. TSPY was expressed at heterogeneous levels in prostatic
samples of various degrees of malignancy. Its expression could be stimulated by androgen in the
prostatic cell line, LNCaP.

We further studied the TSPY expression by in situ mRNA hybridization and
immunostaining on prostatic sections from 11 patients suffering from prostate cancer of various
Gleason grades [2]. Both RNA and protein studies corroborated with each others, demonstrate a
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Figure 1. Immunostaining of BPH and various grades of prostate adenocarcinoma with TSPY antibody in a tissue
array consisting of 63 samples. A-D show samples of BPH, grade |, I, and Ill prostate adenocarcinoma, boxed areas
are represented in E-H respectively. | shows the relatively immunostaining intensity of TSPY in these samples.
Grade | = well differentiated, Gleason score 6 or less; Il = intermediate, Gleason ~ 7; lll = high grade, Gleason > 8.

low-level expression of TSPY gene in morphologically normal epithelia, an elevated level in
hyperplastic and cancer epithelia of low Gleason grades and the highest levels on cancer cells of
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high Gleason grades. Hence, there is a parallel increase in TSPY expression with malignancy in
prostate cancer.

Recently, we had performed a similar immunostaining study on a tissue array consisting of
63 specimens of BPH and prostate cancer of various clinical stages (i.e. I, 11 and 1l1). The intensity
of TSPY was scored on an arbitrary scale of 1 to 5, i.e. light to intense staining (Figure 1). Our
results clearly confirm those of previous studies, establishing the fact that TSPY expression
increases with the degree of malignancy among these prostate cancer samples.

Task 2. To Correlate TSPY Over-Expression with Prostatic Oncogenesis in Transgenic Mice

Expression of TSPY in a Tissue Recombination Model of Prostate Cancer

In adult prostate, homeostasis is maintained via reciprocal stromal and epithelial interactions
[3, 4]. During carcinogenesis, following genetic damage to the epithelium, such reciprocal
interactions are disrupted, favoring proliferation for the epithelial cells. Recently, excellent tissue
recombination models of stromal-epithelial interactions have been established pirmarily in Dr.
Gerald Cunha’s laboratory at UCSF and used to study the hormonal and genetic determinants
involved in normal and malignant prostatic growth. One such model utilizes an SV40 T antigen-
immortalized non-
tumorigenic human prostatic

ST _.Qfgjgaz é: epithelial cell line, BPH-1,
S8 % and  stromal cells  from

;\ ! é “, 3 ,\,;’?3- % various sources [3, 5, 6]. The
- - e R S % BPH-1 cells were initially

.w:_. p - "'. "’7" n Y -
¥ K r’ 1‘!?‘ Wim'ﬁ’@: developed by Dr. Simon
A '_Q‘ ,& Hayward, a Collaborator in
» %& this project, while he was in

Dr. Cunha’s laboratory at
UCSF. In general, such tissue
recombinants with normal
stromal cells, when
transplanted to the Kkidney
capsule of nude mice,
produce  solid  branched
epithelial cords and ductal
structures with a benign
histology. In testosterone and
estradiol (T+E,) treated hosts,

Figure 2. TSPY expression in BPH-1-rUGM prostatic tissue recombinants. such re.comb.mants quGIOp
A-B) Normal; C-D) T+E: treated; G-H) staining without primary antibody, cha_”y Invasive carcinomas.
negative control of C-D; E-F) BPH-1-CAF recombinant; and derivative Similarly,  when  human
BPH-1 lines from BPH-1-CAF recombinants showing oncogenic growth carcinomas-associated
with rUGM (without CAF) recombination. |-J) BPH-1 cAFT0-03; K-L) BPH-1  fibroblasts (CAFs)  from
CAFTD-04; M-N) BPH-1 cAFtD-05; O-P)BPH-1 caFTD-08. Boxed areas are prostate cancer patients are

enlarged in corresponding figures on the right .
g P - g used as stromal donors, large

aggressively malignant tumors develop [5]. The oncogenic processes are dependent on genetic
damage to the epithelium. Such damage can result from specific genetic targeting, such as the
knockout of the RB tumor suppressor gene [7]; or by the more general genetic damage caused, for




example by the expression of viral oncogenes [6]. These studies emphasize the importance of
stromal microenvironment, genetic and hormonal influence in the carcinogenic transformation of
the epithelial (BPH-1) cells.

In collaboration with Dr. Simon Hayward, now at VVanderbilt University, we have examined
the TSPY expression in recombinant transplants consisting of either BPH-1 and rat urogenital sinus
mesenchyme (rUGM) or BPH-1 and CAFs. Our results demonstrated that TSPY proteins were
expressed only at low levels in the epithelial cells (i.e. BPH-1) in the benign BPH-1+rUGM
recombinants (Figure 2A, B) and significantly in the tumor cells induced by T+E, treatment with
the hosts (Figure 2C,D). For the BPH-1 and CAFs recombinants, TSPY is widely expressed and is
localized in the carcinoma and cancerous BPH-1 cells (Figure 2E,F). Several BPH-1 derivative
lines (Figure 21-P) have been obtained from sequential grafting of the tumor cells from the initial
BPH-1/CAF recombinants. When they are recombined with normal rat UGM, these BPH-1
derivative lines give rise to prostatic carcinoma without the needs of CAF nor hormonal treatment.
Hence, they have been selected and sequentially enriched for acqumng addltlonal mutational steps
towards the spontaneous oncogenic phenotypes. TSPY : '
stained positively with these tumor cells (Figure 2I-P).
These results are in agreement with those observed in T+E,
induced prostate cancer in the Noble rats and further
support the postulation that TSPY participates in prostatic
oncogenesis. The abundant expression of TSPY in the
CAF-induced BPH-1 derivative cells in these recombinants
suggests that TSPY activation could be one of the events
leading to the tumorigenic properties of these derivative #9*
BPH-1 cells. If TSPY is involved in oncogenesis in these
models, the observations also suggest that TSPY might be & h
needed to maintain an oncogenic phenotype for such tissue % "0 & @ 5s
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Prostatic Hyperplasia and TSPY Expression in Old TSPY % T ‘
Transgenic Mice EM S iy % F

In collaboration with Jérg Schmitke, we have J— .
obtained a line of transgenic mice harboring about 50 ~—e &, g A
copies of an 8.5-kb human DNA fragment containing the ' f LR :
2.8-kb functional human TSPY gene [8]. The transgene is | R
tandemly integrated on the Y chromosome of the host, | NI !/ \
suggesting that the transgene is analogous to the human &N 0. &
natural gene that is also tandemly repeated on the Y Prostaies 2 DProstates 2
chromosome. By and large, this transgene is properly = S
regulated and is expressed appropriately in the Age(days) S5 2222 egas
spermatogonial cells of the host testis, similar to the human TSPY IS
situation [8]. Among young transgenic mice, the TSPY B-actin TR
transgene is not expressed in their morphologically normal = =

prostates [8]. Recently, we were able to obtain several old _ _
Figure 3. Expression of TSPY transgene in prostates of old

male animals (fl’0m 309 to 516 dayS Old) from this transgenic mice. A-D) Detection of PIN-like structures by

transgenic line and analyze the expression of their NUMAN  Gocq mese i A and & conecmand to those i 8 and &

1 1 tively. E-H) I taini f TSPY protein in th
TSPY transgenes in the prostates with morphology, sk dnzic’e"'(“E‘j'gsg;;;i;Fan il

immunogtaining and RT-PCR analyses (Figure 3). Qur antibody). I) RT-PCR analysis of total RNAs derived from
old prostates showing TSPY specific transcripts (+RT) and

results showed that various foci of abnormal multi-cell itsabsence in controls (RT).
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layer tubular structures, resembling hyperplasia or prostatic intraepithelial neoplasia (PIN), were
observed among the prostates of these old transgenic mice (Figure 3, A-D). Preliminary
immunostaining experiments showed that these PIN like-structures were positive for the human
TSPY protein (Figure 3, E, G). To confirm the expression of the human TSPY transgene, we
conducted a RT-PCR experiment with total RNA derived from parallel prostatic tissues. Our results
showed that human TSPY specific transcripts were detected with this technique (Figure 3, 1),
suggesting that the tandemly repeated human TSPY transgene could be dysregulated in prostates of
its aging host animals.

Although preliminary in nature, these results suggest that TSPY gene dysregulation could
play a significant role in prostatic oncogenesis. Latent cancers have been demonstrated in the
prostates of elderly men [9, 10]. The mechanism leading to the development of such non-clinical
cancer foci is uncertain. Our results in aged transgenic mice suggest that TSPY could potentially be
expressed and contribute to the development of latent prostate cancer foci in elderly men. We are
currently exploring this possibility through collaborations with clinical urologists and pathologists
by examining TSPY expression in this type of latent prostate cancer specimens, and comparing
those from clinical specimens. If TSPY is expressed specifically in foci of latent cancer, it raises
the possibility that it might play an important role in the initiation and/or early stages of prostatic
oncogenesis.

FUTURE DIRECTIONS

Currently, we have several lines of transgenic mice harboring a TSPY transgene directed by
a prostate-specific human kallikrein 2 promoter [11, 12]. Our preliminary studies, described above,
clearly suggest that ectopic TSPY expression is intimately associated with early stages of prostatic
oncogenesis. Hence, it will be important to complete the analysis of these transgenic mouse lines in
terms of TSPY expression and prostatic oncogenesis. According, we have requested a 12-month no
cost extension of the present project and hope to be able to accomplish this additional study in the
coming year.

KEY RESEARCH ACCOMPLISHMENTS

Establish TSPY to be the putative gonadoblastoma gene.

Demonstrate TSPY expression is proportional to the severity of the prostate cancer.
Demonstrate Tspy gene expression in a tissue recombinant model of prostate cancer.

Show the human TSPY transgene is expressed in hyperplasic regions in the prostates of old
transgenic mice.
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CONCLUSION

We have now established strong evidence supporting TSPY to be the gene for GBY, the
only oncogenic locus on the human Y chromosome. Its expression in prostate cancer suggests that
it might play a significant role in the multistep oncogenic process in prostate cancer. We have
examined additional cases of prostate cancer of different clinical grades and demonstrated that
TSPY expression is proportional to the severity of the cancer. We demonstrated TSPY expression
increased with malignancy of a tissue recombination model of prostate cancer. Significantly, we
also demonstrated that TSPY is expressed in the hyperplasic regions in the prostates of old
transgenic mice, suggesting that TSPY might play an important role in the initiation of prostatic
oncogenesis.

SO WHAT

GBY is the only oncogenic locus on the Y chromosome. Equating TSPY to be the gene for
GBY is significant in establishing a role for this chromosome in male-specific cancers, such as
TGCTs and prostate cancer. Our results, so far, demonstrate a direct relationship between TSPY
expression and prostatic oncogenesis, thereby supporting its putative role in this cancer. Successful
implementation of the transgenic mouse studies in this project will be critical in establishing TSPY
as an oncogene in prostate cancer.
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Unopposed c-MYC Expression in Benign Prostatic
Epithelium Causes a Cancer Phenotype

Karin Williams,'* Suzanne Fernandez,! Xavier Stien,! Kenichiro Ishii,
Harold D. Love,! Yun-Fai (Chris) Lau,’ Richard L. Roberts,"**
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BACKGROUND. We have sought to develop a new in vivo model of prostate carcinogenesis
using human prostatic epithelial cell cultures. Human prostate cancers frequently display DNA
amplification in the 8q24 amplicon, which leads to an increase in the copy number of the c-MYC
gene, a finding that suggests a role for c-MYC in human prostate carcinogenesis. In addition
overexpression of c-MYC in transgenic mouse models results in prostatic carcinogenesis.
METHODS. We took advantage of the ability of retroviruses to integrate foreign DNA into
human prostatic epithelium (huPrE) to generate cell lines that overexpress the c-MYC
protooncogene. These cells were recombined with inductive rat urogenital sinus mesenchyme
and grafted beneath the renal capsule of immunocompromised rodent hosts.

RESULTS. The resultant tissue displayed a phenotype consistent with a poorly differentiated
human prostatic adenocarcinoma. The tumors were rapidly growing with a high proliferative
index. The neoplastic cells in the tumor expressed both androgen receptors (AR) and prostate-
specific antigen (PSA), both characteristic markers of human prostate cancers. Microarray
analysis of human prostatic epithelial cells overexpression c-MYC identified a large number of
differentially expressed genes some of which have been suggested to characterize a subset of
human cancers that have myc overexpression. Specific examples were confirmed by Western
blot analysis and include upregulation of c-Myb and decreased expression of PTEN. Control
grafts using either uninfected huPrE or using huPrE cells infected using an empty vector
expressing a green fluorescent protein tag gave rise to well differentiated benign prostatic
glandular ducts.

CONCLUSIONS. By using a retroviral infection strategy followed by tissue recombination we
have created a model of human prostate cancer that demonstrates that the c-MYC gene is
sufficient to induce carcinogenesis. Prostate 63: 369—-384, 2005. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Prostate cancer is the single most diagnosed cancer
in men and a major cause of mortality/morbidity
within North America and Europe [1-3]. The introduc-
tion of routine PSA testing has resulted in earlier
detection of prostate cancer and appears to be resulting
in a decrease in disease-specific death rates [4]. While
certain proteins such as TSPY have been found to
display altered expression in very early cancer [5], there
has not been sufficient characterization of PCa to
identify many potential progression pathways that
characterize prostate cancer [6]. Therefore, unlike the
well-characterized pathway of acquired mutations
displayed by colon cancer, there is not a clearly defined
pathway for the progression and development of mali-
gnant disease in the prostate.

c-MYC is a transcription factor that belongs to the
myc/mad/max family of Basic-helix-loop-helix-zip-
per (bHLHZ) proteins. Three closely related members
make up the MYC family (c-MYC, L-MYC, N-MYC)
and although they have very distinct patterns of
expression, evidence exists that the proteins are able
to compensate, to some extent, for the loss of one family
member [7]. However, both c-MYC and N-myc knock-
out mice exhibit embryonic lethality [8,9].

Myc forms a heterodimeric transcription factor
complex with its partner Max [10]. In this state Myc/
Max is capable of binding to its DNA recognition site,
the so-called E-box [core sequence (CACGTG)]. Max/
Mad heterodimers also bind the E-box and act as trans-
criptional repressors presumably repressing genes
induced by Myc/Max [11]. Like myc, both Max and
Mad have related family members, capable of mod-
ulating this pattern of induction/repression by binding
to each other and modulating the availability of the
E-box. Myc also appears to be capable of binding and
sequestering several other regulatory factors such as
Sp-1 and Miz-1, causing transcriptional modulatory
effects not associated with E-box binding [12-14].

Cell proliferation, differentiation, and apoptosis are
all responses regulated by myc expression. The Myc
protein acts as a cell activator that relies on other
accessory proteins to specify the nature of the response.
The proliferation pathway is mediated by Myc’s ability
to activate several cyclins, including cyclin E [15] and
cyclin D2 [16,17]. The activation of cyclin D2 causes
sequestering of p27"P from cyclin E and driving
the cell into S %hase. Myc also indirectly reduces ex-
pression of p21"V4" and p15™*" [18,19], both of which
are involved in cell cycle arrest.

Myc overexpression/deregulation has been impli-
cated in numerous neoplastic transformations both in
human disease and transgenic mouse models [20-28].
Furthermore, inactivation of the myc gene has been

shown to elicit regression of Myc-induced tumors in the
absence of novel mutations [23,29,30].

c-MYC was the first oncogene to be recognized as
being overexpressed in human prostate cancer [28].
However, the precise role played by c-MYC in human
prostate cancer is unclear in part due to the amplifica-
tion of the 8q24 amplicon. This amplicon is particularly
rich in genes, several of which [e.g., c-MYC [31], NOV
[nephroblastoma overexpressed genel, EIF353 [eukar-
yotic translation initiation factor 3 subunit 3], HAS2
[hyaluronan synthase2] [32], KIAA(0196 [33], and
PSCA [34]] are expressed in prostate and have either
oncogenic or tumor suppressor potential. FISH analysis
has identified amplification of the 8q24 amplicon
[32,35-37] in a large percentage of human adenocarci-
nomas [38,39] and some prostate intraepithelial neo-
plasias (PIN) [37].

Mouse models of prostatic neoplasia have been
generated in which the c-MYC gene was expressed
from either the probasin promoter [20] or C(3)1
promoter [22]. Two probasin promoter variants were
used in one study; these promoters share the same
prostate specificity but differ in promoter activity. Both
the Hi-Myc (ARR,PB-myc) and Low-Myc (sPB-myc)
animals develop mouse PIN (mPIN) and invasive
carcinoma but the time to development and progres-
sion differs by approximately 6 months [20]. While
these probasin-Myc transgenic mice apparently pro-
gress from mPIN to prostatic adenocarcinoma the
relationship of PIN to adenocarcinoma in humans
remains unsubstantiated. The C(3)1 promoter is a
weaker promoter than the probasin constructs. Mice
carrying the C(3)1-Myc transgene fail to develop
adenocarcinoma within their lifetime although they
do develop mPIN-like lesions [22]. These data suggest
that alow level of myc expression correlates with mPIN
development while the progression to adenocarcinoma
requires elevated c-MYC levels.

Given that c-MYC is reported to be overexpressed
and the gene amplified in human prostate cancer, and
because transgenic mouse models overexpressing
¢-MYC in the prostate have a dose related progression
towards malignancy, we decided to test the ability of
cMYC to transform human prostatic epithelium. To do
so in vivo a tissue recombination model was used to
follow prostatic carcinogenesis in response to over-
expression of c-MYC.

MATERIALS AND METHODS

Human Cell Culture

Human prostate tissue samples were obtained from
the Vanderbilt Tissue Acquisition Core via the Depart-
ment of Pathology in accordance with Vanderbilt IRB
protocols. Cores 6 mm in diameter were removed from
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radical prostatectomy samples and were sampled by
histologic analysis on frozen sections to determine the
nature (benign vs. malignant vs. severe inflammation)
of the tissue contained within the core.

Benign tissue was cut into 2 mm cubes using sterile
scalpels. After washing in RPMI (Gibco, Carlsband,
CA) 5% FCS (Atlanta Bioscience Atlanta, GA) the tissue
was plated on Primaria™ tissue culture flasks with
sufficient medium to wet the plate and create a strong
surface tension (1.2 ml/25 cm?). After cell attachment
had taken place (~12 hr) the volume of medium was
increased. Tissue obtained from tissue recombination
grafts was reintroduced into culture in an identical
manner.

Tissue Culture Medium

Tissue culture medium for human prostatic epithe-
lial cells (huEpi mix) consisted of: [RPMI 1640, 1% ITS
(Insulin Transferrin Selenium), 1% Antibiotic/Anti-
myecotic (all from Gibco)], 2.5% charcoal stripped serum
(Atlanta Bioscience), BPE (Bovine Pituitary Extract)
1:250 (Hammond Cell Tech, Winsor CA), Cholera toxin
(1 pg/ml), and Epidermal Growth Factor (0.01 pg/ml)
(Sigma, St. Louis, MO).

LZRS Retroviral Plasmid Construct

The plasmid LZRS c-MYC/EGFP (Fig. 1) was
constructed utilizing the LZRS-EGFP backbone (Nolan
Laboratory, Stanford, CA). The CMV promoter was

SLTR

PGK Promoter

excised from pIRES-EGFP (Clontech, Palo Alto, CA) as
a Bglll/BamHI fragment. The fragment was ligated
into the BamHI site of the LZRS-EGFP backbone to
give C7A.

The human ¢-MYC c¢DNA clone (BC000917) was
obtained from ATCC (Rockville, MD) and amplified by
PCR using a 5’ primer specific to translational start site
and a 3’ primer containing an Xhol restriction site and
the consensus sequence for the translational stop site
with subsequent deletion of any polyadenylation sites.
After PER amplification, the product was gel purified,
and cloned into poem T-Easy (ProtOgO, Madison, WI).
Following DNA sequence verification of the cloned
product the c-MYC coding region was excised using
EcoRI/Xhol and sub cloned into the EcoRI/Xhol sites
of pLZRS-EGFP to give C7-Myc.

Viral Production

Amphotrophic $NXA packaging cells were obtain-
ed from ATCC [under an MTA from the Nolan labo-
ratory Stanford (www.stanford.edu/group/nolan)].
These cells were maintained in 5% FCS/RPMI 1,640
with antibiotic surveillance. The ¢NX packaging cell
lines were reselected with both hygromycin B and
diphtheria toxin (Sigma) every 3—4 months. The LZRS
retroviral constructs were transfected into ¢pNX cells
that were 70%—-80% confluent. Routine transfection
took place using 25 cm?” flasks. Lipofectamine 2000
(Invitrogen, Grand Island, NY) was optimally used ata

5LTR

LZRS

EBNA

Puro

JLTR

Fig. I. Retroviral constructs, control vector C7A and LZRS C7-MYC/EGFP. pLZRS is a retroviral vector derived from the Moloney murine
Leukemia virus (MoMulLV).The gene of interest (c-MYC) and the Enhanced Green Fluorescent Protein (EGFP) are expressed from a bicistronic
message under the control of the cmv promoter. The 5 viral LTR controls expression of the transcript that contains W (the extended viral
packaging signal). The retroviral particle contains, and integrates into the genome, only the genetic information between and including the 5’
and 3 LTRs’ pLZRS does not contain the structural genes necessary for viral formation and replication, these are provided by the packaging cell
line PNX.Other components of pLZRS such as the puromycin resistance gene and EBNA (EBV episomal functions) contribute to stability and
selection of the plasmid in the packaging cell line. pLZRS also includes the pUC origin of replication and E. coli Amp gene for propagation and

antibiotic selection in bacteria.
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final concentration of 3 pl/ml according to manufac-
ture’s protocols. Eight hours post transfection the $pNX
cells were given fresh RPMI/5% FCS and incubated
overnight at 37°C. Viral supernatant was removed in
the morning and the cells split if necessary and moved
to a 32°C incubator to ensure greater viral stability. The
viral supernatant was spun at 3,000 rpm and passed
through a 45 pm filter to ensure the absence of
contaminating ¢NX cells. The viral supernatant was
then supplemented with 4 pg/ml Polybrene (hexadi-
methrine bromide, Sigma) and either stored at —70°C
or used immediately.

Viral Infection

The viral supernatant containing the c-MYC/EGFP
or C7-delta control retrovirus was diluted 1:1 with
huEpi mix that was double strength with respect to the
added constituents and the polybrene concentration
was corrected to 4 pg/ml. The viral medium was then
placed on the huPrE cells (three patients from which
both TZ and PZ cores were put into independent
culture dishes in duplicate) in culture and replaced 8 hr
later. Primary cells were incubated at 37°C as their
rate of cell division was severely compromised at 32°C,
the increased stability of the viral particles at 32°C
therefore could not be utilized when working with
huPrE but proved useful when certain immortal cell
lines were infected, data not shown. Successive rounds
of infection over 5 days were employed to generate
infected cells. Owing to the growth patterns of the
huPrE we found that daily infection would ensure
the presence of virus during the initial outgrowth of
cells and therefore generate the maximum number of
infected cells. Infection rates were monitored using
fluorescence microscopy of the bicistronic EGFP tag.
After infection the cells were maintained in culture
until use. The cells were examined by a clinical patho-
logist to assess any phenotypic differences in the
infected cells.

Culture of Infected Cells

Following infection, a proportion of the cells were
used as a source of epithelium in tissue recombinants.
The remaining cells were maintained in culture for a
further 16 passages with batches frozen in liquid nitro-
gen at different points. All remaining cells were frozen
after passage 16. Cells were examined for the continued
expression of the EGFP tag using fluorescence micros-
copy; expression of AR, PSA, and c-MYC was mon-
itored using Western blot analysis.

Tissue Recombination

Tissue recombinants were prepared, as previously
described [40,41]. Briefly, pregnant rats were obtained

from Harlan (Harlan, Indianapolis). Rat urogenital
sinus mesenchyme (UGM) was prepared from 18-days
embryonic fetuses (plug date denoted as day 0).
Urogenital sinuses were dissected from fetuses and
separated into epithelial and mesenchymal compo-
nents by tryptic digestion, as previously described.
UGM was then further reduced to single cells by a
90 min digestion at 37°C with 187 U/ml collagenase
(Gibco). Following digestion, the cells were washed
extensively with RPMI-1640 tissue culture medium.
Viable cells were then counted using a hemacytometer,
with viability determined by trypan blue exclusion.
Epithelial cells were released from tissue culture plates
using trypsin. Trypsin was neutralized and the cells
washed and counted using a hemacytometer. Cell
recombinants were prepared by mixing 100,000 epithe-
lial cells with 300,000 stromal cells. Cells were pelleted
and resuspended in 50 pl of neutralized type 1 rat tail
collagen prepared as, previously described [42]. The
recombinants were allowed to gel at 37°C for 15 min
and were then covered with growth medium and
cultured overnight. They were then grafted beneath
the renal capsule of adult male severe combined
immunodeficient (SCID) mice [C.B.17/IcrHsd-scid
mice (Harlan)].

Subcutaneous Grafting

Epithelial cells (100,000) were pelleted and resus-
pended in 50 pl of neutralized type 1 rat tail collagen
prepared, as described previously [42] and placed
under the skin of adult male SCID mice [C.B.17/
IcrHsd-scid mice (Harlan)]. Some of these subcutaneus
grafts were surrounded in matrigel (BD Biosciences,
Bedford, MA) at the time of grafting.

Tissue Recovery, Fixation, and Processing

Mice were sacrificed by Isoflurane inhalation fol-
lowed by cervical dislocation according to Vanderbilt
animal care protocols. The kidney and attached graft
together with internal organs were removed and
examined at the gross level. The c-MYC grafts owing
to their substantial size were divided into several
pieces. Those fragments containing the kidney were
fixed in 10% neutral buffered formalin, as were the
internal organs of the host. The remaining tissue was
then divided to give representative portions for
(1) RNA extraction, (2) Protein extraction, and (3) for
further tissue culture. Tissue destined for RNA extrac-
tion was cut into small pieces and immersed in RNA
LATER (Ambion, Austin, TX) according to manufac-
turer’s instructions. Tumor tissue for protein extraction
was snap frozen on dry ice and stored at —70°C until
required. The third portion of the tumor was removed
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for tissue culture or frozen [43] to allow extraction of
viable cells.

Culture of Tumor-Derived Epithelial Cells

Tumor tissue was minced and placed in culture in a
minimal volume of tissue culture medium (as per
primary culture). Cells were passaged using trypsin
and then frozen. Continued transduced gene expres-
sion in these cells was confirmed by fluorescence
microscopy to detect the expression of EGFP and by
Western blotting to confirm continued expression of
c-MYC.

Antibodies

For immunolocalization studies the following anti-
sera were used. Androgen receptors (AR) were
detected using a rabbit polyclonal antibody (sc-816)
raised against a peptide within the N-terminal domain
of hAR, EGFP was detected using a mouse monoclonal
to the full length GFP that detects all GFP variants
(5¢-9996). c-Myb (sc-8412), PTEN (sc-7974sc-9996), p63
(sc-8343) (Santa Cruz Biotechnology, Santa Cruz, CA).
c-MYC was detected using a mouse monoclonal
(NCL-c-MYQC) raised against full-length recombinant
human protein obtained from Novocastra (Burlingam,
CA). Ki67 (M-7240), PSA (A-0562), broad-spectrum
Keratin antibodies (Z-0622) were obtained from DAKO
(Carpinteria, CA), and keratin 8, 14, and 18 [clones
LE41, LLOO1, and LE61 gifts from Prof. E.B.Lane,
Dundee University, UK [44,45]].

Protein Extraction

Tissue extracts of human prostate epithelial cells
maintained in tissue culture for one passage, and c-
MYC infected huPrE cells were prepared by homo-
genization in 400 pl cold buffer A (10 mM HEPES pH
7.9; 10 mM KCI: 0.1 mM EDTA; 0.1 mM EGTA; 0.1 mM
DTT; 1x protease complete (Roche, Indianapolis, IN).
The cells were allowed to swell on ice for 15 min, after
which 25 pl of a 10% solution of Nonidet NP-40 (Sigma)
was added and the tube vortexed vigorously for 10 sec.
The homogenate was then centrifuged for 30 sec in a
Microfuge. The supernatant was snap frozen and
stored at —70°C.

Western Blotting Analysis

Tissue extracts from huPrE epithelial cells grown in
culture and their c-MYC infected counterparts as well
as extracts from the BPH1 prostatic epithelial cell line
were run on denaturing mini gels containing an
acrylamide gradient from 4%-20% (w/v) polyacryla-
mide (Invitrogen). Gels were run in MOPS/SDS
running buffer (50 mM 3-[N-morpholino] propane

sulfonic acid [MOPS], 50 mM Tris base, 0.1% SDS,
1.025 mM EDTA [pH 7.7] for 35 min at 200 mA. Samples
were blotted onto PVDF membrane (Invitrogen) using
transfer buffer (25 mM bicine, 25 mM Bis-Tris, 1.025 mM
EDTA, 50 nM chorobutanol [pH 7.2] (Invitrogen) in the
mini gel tank according to the manufacturers instruc-
tions. Thereafter, membranes were blocked for 2—3 hr
at room temperature in BLOTTO (5% nonfat dried
milk powder [Difco]) dissolved in Phosphate buffered
saline (Sigma) containing 0.1% Tween-20 (PBST).
Membranes were incubated overnight in Blotto with
the any one of the antibodies (anti c-MYC 1:800, AR
1:1,000, c-Myb 1:600, GFP 1:2,000, E-Cad 1:1,000, PTEN
1:800). Bound antibodies were detected using ap-
propriate secondary antibodies (1:4,000 peroxidase
conjugated Donkey anti rabbit/Sheep anti mouse
[Amersham Pharmacia Biotech, Piscataway, NJ] and
1:2,000 rabbit anti goat [Santa Cruz]) and the enhanced
chemiluminescence visualization system (Amersham
Pharmacia Biotech) according to the manufacturer’s
instructions.

Immunohistochemistry

Deparaffinized, slide mounted sections were rehy-
drated and then subjected to heat induced antigen
retrieval using the commercial retrieval buffer (H-3300)
from Vector Laboratories, Brlingham, CA. The sections
were microwaved for 15 min at a power that ensured
continuous but not excessive boiling. Slides were per-
mitted to cool to room temperature prior to incubation
with 3% hydrogen peroxide in methanol for 15 min
to block endogenous peroxidase. After washing in
PBS the slides were blocked in Clean Vision™ from
ImmunoVision Technologies for 15 min. This blocking
optimized the use of monoclonal antibodies on tissue
recombinants in which an immunocompromised
mouse host was the graft host. The antibodies towards
GFP (Santa Cruz,), Ki67, PSA, and broad spectrum
Keratin (DAKO) were all used at 1:200 (p63 used at
1:1,000) [diluted in 1:4 normal swine serum (broad
spectrum Keratin, PSA, p63) or normal rabbit serum
(GFP, Ki67, keratins 8, 14, 18) in PBS/5% BSA]. All
antibodies were incubated on sections overnight at 4°C.
Sections were then incubated with the appropriate
biotinylated secondary antibodies for 1 hr. [Broad
spectrum Keratin, p63 and PSA, swine anti rabbit
(DAKO), and for GFP, keratin 8, 14, 18 and Ki67 rabbit
anti mouse, (DAKQO), both of which were diluted 1:500
in the appropriate normal serum (see above)]. After
appropriate washing steps the sections were incubated
in ABC-HRP complex (Vector) for 30 min and washed
extensively. Bound antibodies were then visualized by
incubation with 3,3'-diaminobenzidine tetrahydro-
chloride (liquid DAB, DAKO). Sections were counter-
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stained with hematoxylin. Images were captured onto a
computer using a Zeiss microscope equipped with an
AxioCam camera (Zeiss) and software.

Identification in Histological Sections of Species
Origin of Cells in aTissue Graft

Staining with the Hoechst 33258 dye (Sigma) was
performed, as previously described [46]. The Hoechst
dye Sections were examined by fluorescence micro-
scopy. Host mouse cells contain several small discrete
intranuclear fluorescent bodies, which are absent in
cells from either rat or human allowing us to confirm
that the tumor is not derived from the host mouse.

RNA Isolation

Tissue was rapidly excised from the outer portions
of the graft and placed in 10x v/v RNA LATER
(Ambion, Austin, TX). The tissue was then refrigerated
prior to use 1-5 days after removal from the host. The
tissue was dissected in a Petri dish containing RNA
LATER to remove any kidney tissue (none was actually
visible in any of the tissues) or obviously necrotic tissue
(this tissue was very soft and white, resembling cotton
candy).

RNA was isolated using the Qiagen mini RNA
Easy kit according to the manufacturers instructions
(Qiagen, Valencia, CA). The RNA was DNAse treated
again using Qiagen reagents as detailed in the RNA
easy protocol. The RNA concentration was then deter-
mined spectrophotometrically and the RNA aliquoted
and snap frozen at —70°C.

L00pm

RNA Labeling and Hybridization

AllRNA and cDNA manipulations and cDNA array
hybridizations were undertaken by technical support
staff within the Vanderbilt Microarray Shared Resource
(http:/ /array.mc.vanderbilt.edu) using the protocols
outlined on their website http://array.mc.vanderbilt.
edu/support/protocols.htm. The use of tissue culture
cells permitted the use of the standard cDNA labeling
without amplification of the RNA. The microarray used
for our experiments was the human 11K comprised of
the Research Genetics human clone set.

cDNA Array Analysis

Data was normalized by Lowess sub grid and Gene
Pix Pro Software was used to analyze differentially
expressed genes between the two analysis groups. The
groups consisted of huPrE grown in culture and in-
fected with the LZRS-myc virus.

RESULTS

Infection of Hupre With a Retrovirus Containing
C-Myc/Egfp Elicits Phenotypic Changes InVitro

The huPrE cells grown on tissue culture plastic have
a characteristic cobblestone appearance (Fig. 2). The
presence of high levels of cholera toxin severely sup-
pressed fibroblastic growth resulting in an almost pure
epithelial cell population, as determined by visual
examination. The rate of emergence of epithelial cell
sheets from individual tissue fragments was highly
variable both with respect to ‘flask to flask’” variation-
using tissue from a single patient and with respect to

Fig. 2. Phase contrast photomicrograph of human prostate epithelium in cell culture 4 days after infection (Left panel). Note the typical
cobblestone morphology in lower left hand side compared to the denser cells present in the upper right hand side. (Middle panel) Fluorescent
image of human prostate epithelium culture 4 days post infection. Note that approximately one half of the cultured cells strongly express EGFP
due toinfection by the C7-Mycretrovirus. (Right panel) overlay, confirming that the small densely packed cells express EGFP while those with the

cobblestone morphology do not.
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‘patient to patient’ variation. Infection was started on
day 2 in culture regardless of the presence/absence of
visible epithelial cell outgrowths. After 2-5 rounds of
infection a very large number of cells (20%—40%) on the
margins of the growing sheet of epithelial cells exp-
ressed EGFP, suggesting an extremely efficient infec-
tion. At this point, infection was halted and the cells
allowed to proliferate for 72 hr. The cultured cells
displayed an altered morphology. Instead of a uniform
monolayer of epithelial cells with a cobblestone appear-
ance, there were discreet nests of tightly packed cells.
The nests had well defined borders and were surround-
ed by cells displaying the expected normal phenotype
(Fig. 2). When visualized on an inverted fluorescent
microscope the nests displayed uniform EGFP fluores-
cence while the surrounding cells did not express
EGFP.

All of the c-MYC/EGFP infected cell cultures
observed (three patients from which both TZ and PZ
cores were put into independent culture dishes in
duplicate, a total of 12 independent cultures) exhibited
similar morphological changes. The cells were irregu-
lar in shape and markedly smaller, the cytoplasm to
nuclear ratio was decreased, and the nucleus was in
many cases irregular in shape with prominent nucleoli.
The cells also formed multiple layers within the nests,
and many non-adherent viable cells were observed.
The ‘nest’ phenomenon was observed until the cultures
were trypsinized and split. Subsequent cultures initially
displayed both phenotypes of cells but the mor-
phologically normal cells were rapidly lost as the
EGFP-expressing epithelial cells rapidly colonized
the tissue culture plates. Within 10 days the entire
culture consisted of EGFP expressing cells that varied
widely in their fluorescence (and by subsequent analysis
c-MYC expression). Over time the EGFP expression
became more uniform but a range of EGFP expression
has always been observed throughout the cultures. This
suggests that the cultures represent a variety of clones
resulting from multiple initial infections.

HuPrE infected with the LZRS C7A (the ‘empty
vector’) exhibited normal cobblestone morphology and
typically infect with relatively low efficiency <1% at
low passage number, the control infections are less
efficient than infections with the C7-Myc retrovirus.
The Green EGFP infected cells were indistinguishable
from their uninfected neighbors under phase contrast
and could only be identified by EGFP expression. The
C7A-infected cells could be passaged a maximum of
five times before they became senescent.

The C7 Myc infected cells were maintained through
16 passages and showed no signs of senescence during
this period. They continued to express both EGFP and
c-MYC as well as prostatic epithelial markers including
AR and PSA.

Hupre/C-Myc-Egfp Plus RugmTissue Recombinants
Form Rapidly Growing Adenocarcinomas
Expressing Human Prostatic Markers

Tissue recombinants of huPrE and rUGM were
prepared. Control grafts contained either uninfected or
C7-A-infected epithelium. Recombinants using C7-myc
contained different percentages of c-MYC-infected
cells (from 10% to 50% dependent on the time post
infection that the cells were grafted). All grafts were
composed of 100,000 epithelial cells and 300,000 rtUGM
cells. Host mice carrying myc-expressing grafts were
sacrificed after 28 days due to the large size of the graft,
which exceeded the size of the normal kidney (Fig. 3).
Recombinants composed of C7A PrE and rUGM
grafted to the contralateral kidneys of experimental
hosts were very small and poorly developed at 28 days
post grafting. In separate experiments, using a 3-month
time point fully differentiated prostatic structures
expressing PSA and AR were seen. Control grafts
maintained a benign histology throughout (Fig. 3). The
phenotype and timing of developmental events in these
control grafts is consistent with previously published
results using human prostatic epithelial organoids [47].

Initial inspection of the large c-MYC expressing
grafts, indicated several very large blood vessels locat-
ed on the surface of the graft and areas of white necrotic
tissue in areas devoid of obvious blood vessels (Fig. 3).
The kidney tissue was readily apparent upon subse-
quent dissection and was essentially normal.

C7-Myc cells grafted subcutaneously into the flank
of SCID mice developed large tumors after 6 weeks
(data not shown) that were indistinguishable from C7-
Myc recombined with rUGM. The slightly longer time
frame probably reflects the slower recruitment of blood
vessels to a subcutaneous graft site compared to the sub
renal graft site.

Thin smears of surface cells from the tumors exp-
ressed EGFP when exposed to fluorescent light (data
not shown). These cells were placed into tissue culture
to confirm EGFP expression and their human origin.

Expression from the CMV promoter is maintained
throughout the growth of the graft. We have previously
observed promoter downregulation (unpublished
data) in cells carrying genes under the CMV promoter
introduced via retroviral integration possibly via
methylation events consistent with those described in
transgenic mice [48,49]. The EGFP levels within the
cells placed into reculture maintained a range of EGFP
expression consistent with cultures prior to grafting
suggesting that such repression had not occurred in
these tumors.

In all the huPrE/c-MYC tumors the grafts consisted
of cells strongly staining with hematoxylin. The cells
characteristically exhibited large irregular nuclei, pro-
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Fig. 3. Grossanatomyof mousekidney withac-MYC overexpressing prostate epithelial cell recombinant xenograft (top left). Note the enca-
sement of the kidney by the tumor (black arrow). The control kidney carrying the C7A PrE/rUGM graft is displayed on the right, the small xeno-
graft is barely visible (red arrow). Photomicrograph showing the poorly differentiated c-MYC expressing human prostatic tumors (middle/
bottom panel) strongly express enhanced green fluorescent protein (middle left) PSA [(center)* indicates necrotic tissue]. The high mitotic rate
observed in the tumor was confirmed by a very high index of statining with Kié7 (middle right). Bottom panel (left to right) AR, and p63.

minent nucleoli, and dense cytoplasm. A large number
of dividing cells were present in a single field and many
of the mitotic figures were clearly abnormal (Fig. 3). No
fibromuscular stroma was present in the grafts nor was
any apparent at the graft extremities. Irregular areas of
necrotic tissues extended throughout the grafts and
predominated in the interior, but did not interfere with
the kidney. Areas of living tissue surrounded the few

blood vessels that populated the graft interior. Im-
munohistochemical analysis of the C7-myc induced
tumors revealed that these retained expression of two
key markers of prostate tissue, AR and PSA. In addition
the tumors expressed EGFP confirming their origin.
Tumors expressed keratins 8 and 18 and lacked p63 and
keratin 14 staining suggesting a luminal rather than
basal cell origin. This is consistent with the profile seen
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in human prostate cancer. The proliferation rate of the
cells was extremely high as indicated by the almost
universal presence of Ki67 in the nuclei (Fig. 3). This
was consistent with the observation of extremely rapid
tumor growth.

No infiltration was observed into the kidney, a well
dealinated border was observed and the kidney
morphology was normal with no obvious compression
or damage (Fig. 3). Hoechst 33258 staining confirmed
that none of the epithelial cells observed were of mouse
origin and that no ‘non mouse’ cells were present in the
kidney (data not shown). Some areas displaying p63
positive cells were observed within the graft, these
were determined (by a trained pathologist) to be
mouse kidney structures caught in cross section,
providing a good internal positive control for the
tumor cells, which were universally negative for basal
cell markers (Fig. 3).

Molecular Characteristics of Tumor-Derived Cells

A microarray analysis comparison of the cells deriv-
ed from the C7-myc tumors and of primary epithelial

cultures from the same patient revealed a number of
changes (Table 1). As might be expected many genes
were seen to be regulated in response to c-MYC
overexpression. Attention in this analysis was focused
upon genes known to be regulated in tumors. Of
particular note was the observation that PTEN and
E-cadherin expression was seen to be suppressed and
c-Myb expression was observed to be upregulated in
the tumorigenic cells. This observation was confirmed
by Western blotting to examine expression of these
proteins (Fig. 5). Western blotting analysis also con-
firmed the continued overexpression of c-MYC, and the
expression of both AR and EGFP.

DISCUSSION

The present study demonstrates that c-MYC over-
expression is sufficient to drive normal human pro-
static epithelium to a metastatic tumor within a tissue
recombination model. Retroviral infection of normal
prostate epithelium with the EGFP expressing empty
vector resulted in benign prostatic architecture indicat-
ing that MYC overexpression not infection/integration

Fig. 4. Histopathologic appearance of metastatic lesions. Multiple metastatic lesions were found in mice as focal growths predominantly
following the line of the intestinal tract. H&E high magnification of tumor immediately adjacent to the intestine (left panel top & bottom). Low
magnification composite (right panel) showing three metastatic nodules that were attached to the host mouse intestine.
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TABLE |. Microarray Data Set of mRNA Showing 2-fold Differences in Levels Between C7-Myc PrE and C7A PrE

Category Gene GenBank ID Description ACF
Transcription Factors ARHE NM 00518 Ras homolog gene 3.67
MAFG NM_00239 v-maf oncogene homolog G 3.27
SON NM_05818 Similarities with MYC MOS —2.29
HRASLS3 NM_00706 HRAS-like suppressor 3 —2.29
TCF7 NM_ 00320 Transcription factor 7
TCF12 NM_00320 Transcription factor 12 —4.67
VAV3 NM_00611 vav 3 oncogene -1.36
NFE2L2 NM_00616 Transcription factor —2.53
FOSL2 NM_00525 Dimerizes with JUN forming the transcription —1.65
of factor complex AP-1
Notch3 NM_00871 Transcription factor —3.64
RABA1 NM_00416 Member RAS oncogene family -1.78
Growth factors INSL4 NM_00219 Member of the insulin superfamily
VEGF NM_00337 Vascular endothelial growth factor
Kinases MKNK2 NM_01757 MAP kinase interacting serine/threonine kinase 2 -2.32
SCAP1 NM_00372 Belongs to the src family kinases —4.69
Adaptor molecules NCK1 NM_00615 Adaptor protein involved in transducing signals -1.67
from receptor tyrosine kinases to downstream
recipients such as RAS
SP110 NM_08042 May have a role in the regulation of gene -2.28
transcription
ABR NM_02196 These proteins might interact with members —2.68
of the Rho family
RINF4 NM 00293 RING finger protein, enhances AR-dependent -3.49
transcription
Apoptosis BCL2A1 NM_00404 BCL2-related protein Al —-1.56
PDCD4 NM_14534 Thought to play a role in apoptosis —1.53
CASP3 NM_00434 Caspase 3 apoptosis-related protease
Extracellular matrix ADAM15 NM_00381 A disintegrin and metalloproteinase -1.34
domain 15 (metargidin)
TIMP1 NM_00325 Tissue inhibitor of MMP1 2.26
MMP14 NM_00499 Matrix metalloproteinase activates MMP2 -1.71
protein may be involved in tumor invasion
TIMP2 Tissue inhibitor of MMP 2 -2.71
Cell cycle S100A10 NM_00296 Calcium-binding, involved in the regulation —2.23
of cell cycle progression and differentiation
CDK4 NM_00007 Cyclin-dependent kinase 4 -1.75
Proliferation/ DUSP6 NM 00194 Gene product inactivates ERK2, -1.95
Differentiation MAPRE2 NM_01426 Homology with APC suggests involvement -1.39
in tumorigenesis and proliferative control
of normal cells
SHC1 NM_18300 Couples activated growth factor receptors -1.5
to a signaling pathway
Proteases Kallikrein 10 NM_00277 Serine proteases having diverse physiological -1.72
functions
KLK5 NM_01242 Kallikrein 5 -1.59
SPUVE NM 00717 Protease, serine, 23
SLP1 NM_00306 Secreted serine protease inhibitor protects —5.04
epithelial tissues
CSTA NM_00521 Encodes a stefin that functions as a cysteine —4.65
protease inhibotor
Cytoskeleton/Motility DSTN NM_00687 Actin depolymerizing factor -1.7
CLDN1 NM_12110 Integral membrane protein component —2.45
of tight junctions
CLDN4 NM_00130 Integral membrane protein, which belongs -1.33

to the Claudine family

(Continued)
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TABLE I. (Continued)
Category Gene GenBank ID Description ACF
THYB4 NM_02110 Actin sequestering protein, regulates actin -5.1
polymerization, proliferation migration,
and differentiation
LAMC2 NM_00556 Extracellular marrix glycrprotein, implicated -1.5
in adhesion megration, differentiation,
and metastasis
WIRE NM_13326 Has a role in the WASP-mediated organization —4.15
of the actin
KRT13 NM_15349 Keratin 13 —4.51
Neuronal NDN NM_00248 Mouse studies suggest a role in growth suppression = —1.84
in postmitotic neurons
SST Somatostatin ~ NM_00104 A regulator of endocrine and nervous system  —1.97
function
Metastasis p8 NM_01238 P8 protein (candidate of metastasis) —-1.94

of the EGFP expressing retrovirus induces the cancer
phenotype. The tumors formed in this model retain
some key characteristics of human prostate cancer,
notably the expression of AR and PSA, and the ability to
metastasize.

The c-MYC overexpression combined with a large
percentage of infected cells produces a cancer pheno-
type within our xenograft model that is aggressive and
progressive. The cells were obtained from tissue deriv-
ed from aging males and may already have accumu-
lated genetic hits that, of themselves, are insufficient to
alter histology. The levels of c-MYC expressed by a
CMV-driven retroviral delivery system would cer-
tainly constitute a very large additional molecular hit.
The resulting tumors resemble a poorly differentiated
advanced carcinoma, however, the growth rate is
accelerated in comparison with the human disease.
Myc expression can be a pivot point in the cellular

decision-making process that determines if a cell will
undergo proliferation or apoptosis [50-55]. Myc over-
expression within the primary huPrE appears to
be exhibiting a proliferative effect demonstrated by
the extremely large number of Ki67 positive cells
present within the renal capsule graft and the meta-
static lesions. The lack of expression of the basal cell
markers keratin 14 and p63 indicate that the c-Myc
tumor, like human prostate adenocarcinoma, loses
basal cells during tumor formation.

Similar c-MYC-based retroviral rodent models
created by Thompson and co-workers [25-27,56-59]
in prostate and by Edwards [60] in the breast lacked the
aggressiveness of our model unless activated ras was
also present. Less than 0.1% of epithelial cells carried
the retrovirally introduced genes in the mouse TR’s
while our grafts contained 10%—50% infected cells thus
altering the environment considerably as normal cells
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have the potential to inhibit the growth of transformed
cells [61]. Microarray data do not indicate increased
levels of ras mRNA within our C7-Myc tumors. Mouse
strain backgrounds modify the effects of the oncogenes
myc and ras [27] within the retrovirally infected TR’s.
By virtue of using human tissue, the present study
examines an outbred epithelial cell population.

More recent transgenic mouse studies have demon-
strated that the degree of response to ¢-MYC over-
expression in mouse prostatic epithelium is dose
related, with increased expression giving rise to more
severe phenotypes [20,22]. All three described prostate-
specific c-MYC-overexpressing mice develop mPIN.
Mice expressing c-MYC using the Probasin promoter
progress to invasive cancer in a time frame that is
determined by the relative strength of the promoter
construct used (ARR,PB or sPB) [20]. Low levels of
c-MYC expression are thought to cause prostatic
dysplasia in the prostates of rats treated in the neonatal
period with DES [62]. Progression beyond PIN is not
observed within the lifetime of the C(3)Myc mouse.
As serial recombination experiments using the C(3)-
Myc mouse or the DES treated prostates have not been
performed it is not known if these PIN-like lesions
would progress over time as is thought to happen in
humans. Our model possibly shows such an acceler-
ated progression because the epithelium is already
primed by both age related genetic changes and
environmental/physiological events within the dis-
eased prostate combined with expression of c-MYC
from an extremely strong constitutive promoter.

Human prostatic epithelium expresses prostate
specific antigen (PSA), in vivo this weak protease
belongs to the large family of Kallikreins, and is not,
despite the name, totally specific for the prostate.
However, PSA is the main basis of the blood tests used
to detect and monitor prostate cancer. PSA is androgen-
regulated in normal and low-grade prostate cancers,
however, as cancers progress to an androgen-indepen-
dent state, PSA levels climb marking disease progres-
sion. Primary cultures of benign prostate cells initially
express PSA as do the established cell line LNCaP [63].
However, it is commonly observed that cells in culture
rapidly lose expression of steroid receptors, including
AR, and consequently lose expression of steroid
regulated gene products such as PSA. Tissue recombi-
nants composed of normal prostatic epithelium and
rUGM express both AR and PSA [47], as would be
expected, since these genes are both regulated by the
context in which the cell is growing. More remarkably
Myc overexpressing cells express PSA and maintain
their androgen receptor expression in culture. Tumors
derived from these cells continue to express PSA and
AR in vivo adding an important element to the re-
levance of this model.

Sawyers and co-workers [20] have identified a
molecular signature that identifies both the ¢-MYC
overexpressing prostate tumors present in their trans-
genic mouse model and a subset of human prostate
tumors that overexpress Myc. Our cDNA analysis
identified several targets that were subsequently
analyzed by Western blotting, as our cDNA array
differed from that used by the Sawyers group we
were unable to compare their molecular signature with
the one we obtained. We were however able to use the
microarray data to identify proteins previously shown
to be involved in tumorigenesis which were regulated
in this model. Western blot analysis was used to
confirm microarray data on the loss of PTEN and E-
cadherin in the c-MYC expressing cells. Both of these
proteins are implicated as playing a tumor suppressive
role in cancer development and show a marked
decrease in expression compared to control cells. Dec-
reased or absent E-cadherin expression is a frequent
occurrence in human prostate cancer [64] and this is
recapitulated within our myc overexpressing tumor.
The undetectable levels (by Western blotting) of
E-cadherin present in our myc tumor cells in culture
may represent a general loss of adhesion, which would
in part explain the low adhesion of the cells both to the
tissue culture plastic and other cells resulting in loss
of the cobblestone morphology and lack of strong
junctions between cells. Inmunohistochemistry on the
tumor tissue failed to pick up E-cadherin staining on
the cell membranes within the tumor (data not shown).

PTEN is a tumor suppressor gene situated at 1023, a
deletion hot spot in prostate cancer [65]. PTEN Knock-
out mice are embryonic lethal [66] but tissue specific
homozygotes (0% gene dose in prostate 100% in most
other tissues) and the newer hypomorphic mice (25%—
35% gene dose) [67-70] display mPIN that progresses
to invasive carcinoma over time. Heterozygote PTEN
deletion results in mPIN but requires the presence of a
second genetic lesion to progress to an invasive cancer
phenotype [71,72]. PTEN encodes a lipid phosphatase
that inhibits the PI3 kinase/AKT pathway. The AKT
pathway is a pivotal point in the control of cellular
homeostasis. Many pathways including TGFp, IGF,
EGF and Ras interact with AKT. The activation of AKT
appears to indirectly promote androgen-independent
survival of prostate cancer cells, but the mechanism is
as yet undetermined [73,74]. PTEN and AKT are
upstream of ¢-MYC; PTEN loss causes upregulation
of AKT that in turn upregulates c-MYC. The role of
AKT on AR and subsequent repercussions on c-MYC
are unknown but the importance of AKT and by
extension PTEN in androgen independent growth of
prostate cancer correlates with the role of c-MYC.

Microarray data verified by Western blot analysis
demonstrated upregulation of the cMyb oncogene in
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the C7-Myc model. Myb is usually regarded as a proto-
oncogene within the hematopoietic line where it func-
tions as a cell cycle promoter. c-Myb inhibits expression
of p15ink4b while transactivating c-MYC, Bcl-2, COX2,
IGF-1, and IGF-IR [75-77]. While c-Myb has primarily
been studied in the hematopoietic lineage it is also
expressed in breast, the gastrointestinal lineage [78],
and prostate [79-81], it is upregulated in cancers and
some premalignant lesions of these tissues [79,80,82—
85]. The upregulation of cMyb in the C7-Myc model
may further enhance the transforming ability of c-
MYC by stimulating pathways that are not stimulated
by Myc.

This work demonstrates the application of retroviral
infection strategy followed by tissue recombination to
examine the contribution of individual gene products
to carcinogenesis. The approach can be used on any of
the regulated products within the 8q24 amplicon, or
those identified in the cDNA microarray analysis, both
alone and in combination to determine their contribu-
tion to the final graft phenotype. This in vivo model of
prostate cancer based upon human prostatic epithe-
lium has many interesting and potentially useful
features. However, the rapid progression and extre-
mely high proliferative rate limits the ability to examine
early tumorigenic events. The model retains many
characteristics of human prostate cancer including
continued expression of AR and PSA. The model also
demonstrates downregulation of two tumor suppres-
sors (PTEN and E-cadherin), which are suppressed in
human prostate cancer and shows upregulation of
Myb, which is known to be upregulated in the human
disease. Metastasis is also an important component of
the in vivo model. Cell cultures derived from both the
initial viral infections and from the tumors retain many
of these important characteristics and represent a
potentially useful resource to examine prostate cancer
biology. We are working to modify the model using a
series of weaker constitutive, conditional, and regula-
tible promoters that will better allow us to follow stages
of progression.
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Summary: The testis-specific protein Y-encoded (TSPY)
gene is a candidate for the gonadoblastoma locus on
the Y chromosome and is expressed in normal testicular
germ cells and gonadoblastoma cells of XY sex-
reversed females. Although TSPY expression has been
demonstrated in gonadoblastoma tissues, it is uncertain
if such expression is involved in a causative or conse-
quential event of the oncogenic process. We postulate
that if TSPY is involved in gonadoblastoma develop-
ment, its promoter should be functional in the female
gonad before and/or at early stages of tumorigenesis.
To test this hypothesis, we generated several lines of
transgenic mice harboring a Cre-recombinase trans-
gene directed by a 2.4-kb hTSPY promoter. These mice
were crossed with the Z/EG reporter line that expresses
EGFP only after a Cre-mediated recombination. Our
results showed that hTSPY-Cre;Z/EG double transgenic
mice expressed EGFP specifically in the germ cells of
both male and female gonads. Further, neurons of the
central and peripheral nervous systems also expressed
EGFP as early as E12.5 embryonic stage. EGFP was par-
ticularly observed in the trigeminal nerve, trigeminal
ganglion, dorsal root of the ganglia, and in postnatal and
adult brains. These observations support the hypothesis
that TSPY plays an active role in gonadoblastoma. The
tissue-specific expression of the hTSPY-Cre transgene
should also be useful in studies utilizing Cre-mediated
gene activation/inactivation strategies in gamatogene-
sis and/or neurogenesis. genesis 42:263-275, 2005.
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INTRODUCTION

The human testis-specific protein Y-encoded (hTSPY)
gene was initially identified as a testis-specific gene
repeated tandemly >35 times on the short arm of the
human Y chromosome (Arnemann et al., 1987; Zhang
et al., 1992; Skaletsky et al., 2003). hTSPY is expressed
normally in the germ cells of both adult and fetal testes
(Zhang et al., 1992; Schnieders et al., 1996; Honecker
et al., 2004). It has been postulated to serve a vital func-

tion(s) in male germ cell formation and early spermato-
genesis (Schnieders et al., 1996; Lau, 1999). Further,
TSPY expression has also been observed in germ cells of
gonadoblastoma, various forms of testicular tumors, and
epithelial cells of prostate cancer (Schnieders et al.,
1996; Lau et al., 2000, 2003; Lau and Zhang, 2000). The
human TSPY shares significant homology with the SET
oncoprotein and is a founding member of the TSPY/
SET/NAP-1 protein family (von Lindern et al, 1992;
Vogel et al., 1998; Ozbun et al., 2001). Members of this
gene family encode proteins that harbor a conserved
NAP/SET domain (Ishimi and Kikuchi, 1991) and have
been demonstrated to play various roles in cell cycle reg-
ulation or cell differentiation (Chai et al.,, 2001; Seo
et al., 2001; Canela et al., 2003). Hence, hTSPY has been
hypothesized to regulate the spermatogenic cells in
entering male meiosis or in mediating the meiotic divi-
sions (Schnieders et al., 1996; Lau, 1999).

The human TSPY gene cluster has been mapped to
the critical region on the Y chromosome harboring the
gonadoblastoma locus (GBY), the only oncogenic or
tumor-promoting locus currently identified on this male-
specific chromosome (Page, 1987; Salo et al., 1995; Tsu-
chiya et al., 1995). Gonadoblastoma develops most fre-
quently in the dysgenic gonads of XY sex-reversed
females and those of girls harboring a mixture of XX/XO
and XY gonadal cells. Gonadoblastoma shares significant
similarities with the testicular carcinoma-in-situ (CIS)
and both have been considered as precursors for the more
aggressive germ cell tumors (Jorgensen et al., 1997; Raj-
pert-De-Meyts et al., 2003). Although the disease mecha-
nism(s) is still uncertain, the aberrant expression of a Y
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chromosome gene(s) in a female gonadal environment
has been hypothesized to play an important role in pre-
disposing the dysgenic gonads to tumorigenesis (Page,
1987). TSPY is a strong candidate for GBY locus based
on several lines of indirect evidence, including its map-
ping to the GBY critical region, abundant expression in
gonadoblastoma tissues, and significant homology to a
family of cell cycle regulatory proteins. However, it is
uncertain whether the TSPY expression in gonadoblas-
toma is a causative event or a consequence of the onco-
genic process. Hence, in order to further substantiate its
role in gonadoblastoma, we need to demonstrate that its
promoter is active in normal or pretumorigenic female
gonads. To achieve this goal, we developed a transgenic
strategy to investigate the hTSPY promoter activity. We
generated several lines of transgenic mice harboring a
Cre recombinase gene directed by the promoter of
hTSPY gene and evaluated the functionality of the
human TSPY promoter by either reverse transcription-
polymerase chain reaction (RT-PCR) analysis of the Cre
transgene or crossing them with the Z/EG reporter line
that expresses EGFP only after a Cre-mediated recombi-
nation (Novak et al., 2000). Since EGFP expression can
be directly observed as green fluorescence, it provides a
convenient means in indirectly detecting the human
TSPY promoter activity in tissues and cells of transgenic
embryos and adult mice. Our study demonstrated that
the hTSPY-Cre transgene was expressed in germ cell line-
age in embryos and adult mice of both sexes. In particu-
lar, EGFP transgene was activated in adult hTSPY-Cre;Z/
EG mice mediated by the hTSPY-Cre gene in the germ
cells of both male and female animals, confirming that
human TSPY promoter is active in testicular and ovarian
germ cells. Significantly, we also detected high levels of
EGFP expression in neurons of the central nervous sys-
tem (CNS) and peripheral nervous system of adult mice.
This hTSPY promoter-directed transgene activation
could also be observed in selected neurons of fetal
brains of mouse embryos as early as E12.5 stage. These
latter observations raise the possibility that if similar
embryonic expression can be demonstrated in humans,
hTSPY might play additional roles in neuronal develop-
ment in embryos and nervous functions in adults.

RESULTS

Previous studies have demonstrated that a 1.35-kb pro-
moter of the TSPY gene is capable and sufficient in
directing a transgene expression in the spermatogonia-
derived cell line, GC-1spg (Tascou et al., 2000) and that
transgenic mice harboring a human TSPY gene inte-
grated in their Y chromosome show a transgene expres-
sion pattern similar to that of humans (Schubert et al.,
2003). In the latter study, the transgene harbors a 2.9-kb
promoter sequence of the human TSPY gene that is inte-
grated into the Y chromosome of the host. While this
transgenic line closely resembles the human TSPY gene
in terms of its chromosomal location and expression pat-
tern, it cannot be used in the evaluation of the transgene
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FIG. 1. The Cre-LoxP transgene activation system. A: The hTSPY-
Cre gene contains a 2.4-kb promoter of the human TSPY gene
(white box), Cre recombinase cDNA with a nuclear localization signal
(gray arrow), and an SV40 polyadenylation signal (black box). +1
indicates the transcription start site. B: The Z/EG responder con-
struct (Novak et al., 2000) consists of two expression cassettes,
Bgeo and EGFP, directed by a strong CAGGS promoter. Two LoxP
sites flank the Bgeo gene that is normally expressed in transgenic
mice harboring only Z/EG. In hTSPY-Cre;Z/EG double transgenic
mice the hTSPY promoter directs the expression of Cre recombi-
nase which subsequently cleaves the sequence flanked by the LoxP
sites, thereby repositioning the EGFP gene under the direct regula-
tion of the ubiquitous CAGGS promoter. Hence, EGFP expression is
indirectly linked to the hTSPY promoter activity.

expression in the female environment. Based on these
results, we selected a 2.4-kb promoter in the present
study to identify cells capable of expressing the hTSPY
gene in the mouse using the Cre-LoxP gene activation
scheme (Novak et al., 2000). Preliminary characteriza-
tion of this 2.4-kb promoter suggested that it was capa-
ble of directing the expression of a reporter gene in the
spermatogonia or spermatocytes-derived cell lines, GC-
1spg and GC-2spd, respectively, as previously described
(Tascou et al., 2000). An expression cassette in which
this 2.4 kb promoter of the human TSPY gene was con-
structed to direct the expression of a Cre recombinase
gene (Fig. 1A). Two transgenic founder animals desig-
nated #25 (male) and #33 (female) were obtained with
this construct using a standard microinjection proce-
dure. The #33 founder when bred with nontransgenic
mouse produced offspring with two different copy num-
bers of the transgene, suggesting the possibility of two
integration sites for this founder. Indeed, two sublines
from founder #33 were derived, resulting in line 33A (42
copies) and line 33B (6 copies), respectively (Fig. 2A).
All transgenes seemed to have integrated into the auto-
somes of the founding animals, since we did not observe
any sex-linked inheritance of the respective transgenes.
To determine the expression of the Cre transgene, the
animals from lines 25, 33A, and 33B were analyzed by
the RT-PCR technique. Line 25 did not show any detect-
able signal of Cre transgene expression in any tissue
(data not shown). However, lines 33A and 33B showed
expression of the hTSPY-Cre transgene primarily in the
cerebral cortex, cerebellum, and gonads of male and
female animals (Fig. 2B,C). These expression patterns
are similar to that of a transgenic line harboring a human
TSPY transgene on the Y chromosome of the host (Schu-
bert et al., 2003).
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FIG. 2. Estimation of transgene copy numbers and expression analysis by RT-PCR analyses. A: Estimation of copy number of hTSPY-Cre
transgene in transgenic mice by semiquantitative PCR of tail DNAs. Founder animal 33 had two integration sites that were segregated into
two sublines: line 33A (42 copies) and line 33B (6 copies). ID: identity number for individual mouse. B: Cre expression patterns in adult
hTSPY-Cre transgenic mice from lines 33A (B) and 33B (C). In both lines 33A and 33B, Cre mRNA was detected only in cerebral cortex, cere-
bellum, and gonads. Cx, cerebral cortex; Ce, cerebellum; Ty, thymus; Lu, lung; He, heart; Li, liver; Sp, spleen; Ki, kidney; Sv, seminal vesicle;
Pr, prostate; Te, testis; Ov, ovary; Ut, uterus. D: hTSPY promoter-directed Cre transcripts in the gonads and brains of newborn transgenic
mice. Cre transcript was detected in gonads and brains of newborn pups of both sexes. Te, testis; Ov, ovary ; Br, brain. E: Cre transcripts in
testes of mice at various postnatal ages (days 8-40). F: Cre expression in ovary at various postnatal ages (days 8-32). G: Expression pattern
of the mouse endogenous Tspy. The mouse Tspy transcript was preferentially expressed in testis and at low levels in a wide range of tissues,
including the brain. B-Actin was used as a control. +RT indicates the results with reverse transcription reaction; —RT, without reverse tran-
scription reaction. Signals are represented by negative printing of ethidium bromide staining of the RT-PCR products fractionated by agar-

ose gel electrophoresis.

The expression of hTSPY-Cre transgene in the mouse
brain was somewhat unexpected. To determine if the
expression pattern of the transgene resembled the endog-
enous mouse Tspy gene, we extended our investigation
to the Tspy genes in mouse. The mouse harbors an appa-
rently noncoding Tspy gene on its Y chromosome, due to
the presence of several inframe stop codons (Mazeyrat
and Mitchell, 1998). The mouse Tspy transcripts were
detected most prominently in the testis and at low levels
among other tissues, including the brain (Fig. 2G, mouse
Tspy). Hence, the mouse Tspy gene behaves similarly to
the hTSPY-Cre transgene in male mice (Fig. 2B,C).

We adopted the Cre-LoxP gene activation system to
visualize the hTSPY promoter activity (Fig. 1A,B). In this
scheme, animals from the hTSPY-Cre lines were crossed

with those harboring the reporter gene, Z/EG, to gener-
ate double transgenic mice harboring both transgenes.
The hTSPY promoter directed the expression of the Cre
recombinase that cleaved the sequence, 3geo gene (i.e. a
fusion gene coding for both the (3-galactosidase and neo
resistant marker), between the loxP sites in the Z/EG
transgene, thereby repositioning the EGFP gene directly
under the strong CAGGS promoter (Novak et al., 2000).
The CAGGS promoter was initially derived from the
CAGG (or CAG) promoter (Niwa et al., 1991) consisting
of the CMV enhancer and the chicken [3-actin promoter,
being capable of mediating a high level of expression for
the recombined EGFP gene. Hence, EGFP expression
indirectly represents the hTSPY promoter activities in
these double-transgenic mice. Using this strategy, we
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FIG. 3. Expression of EGFP in gonads of hTSPY-Cre;Z/EG double-transgenic mice. A: EGFP expression could be observed directly in dis-
sected hTSPY-Cre;Z/EG adult testis (arrows). B-D: EGFP expression in male germ cells of testis in hTSPY-Cre;Z/EG mice generated by
crossing 33A (C) and 33B (D) with the Z/EG line. DNA was counterstained by DAPI (blue). Interstitial tissues including the Leydig cells
showed yellow fluorescence that was not part of the EGFP signal (arrows in B). E: No EGFP expression was observed in the testis of a single
transgenic Z/EG mouse. Orange arrowheads indicate spermatogonia; yellow arrows, Sertoli cells; white arrows, spermatocytes; Rd, round
spermatids; Ed, elongated spermatids. F,G: Testis (F) and ovary (G) sections of F2 animals showing ubiquitous expression of the fully recom-
bined CAGGS-EGFP reporter, respectively. H: Direct observation of EGFP fluorescence from a dissected ovary from an 8-day-old hTSPY-
Cre; Z/EG mouse. EGFP positive oocytes were identifiable (arrowheads). I,J: EGFP expression in maturing oocytes (arrows) of adult (I) and
8-day old (J) ovaries of hTSPY-Cre;Z/EG mice. DNA was counterstained by DAPI (blue). Granulosa cells (Gr) were EGFP negative. Arrow-
heads (in J) indicate oocytes in primary follicles; white arrows indicate oocytes in late primary and early secondary follicles; asterisk, an
EGFP-positive oocyte. K,L: Pups from a hTSPY-Cre;Z/EG female mouse mated with a nontransgenic male mouse. Pups harboring the
recombined CAGGS-EGFP transgene could be identified by their EGFP fluorescence (K, room light, and L, blue excitation light). Scale
bar =115 ymin B; 34 pmin C-E; 100 umin I; 83 pm in G.

tested both lines 33A and 33B and showed that both
were capable of inducing similar Cre-mediated recombi-
nation and activation of the EGFP transgene in the
hTSPY-Cre;Z/EG double transgenic mice. Since line 33A
harbored a higher number of transgene and the intensity
of its expression was also higher than that of line 33B, line
33A was primarily used in the analyses described below.
The expression of the EGFP reporter was readily
observed directly in dissected adult testis of hTSPY-

Cre;Z/EG double transgenic mice (Fig. 3A). Immuno-
fluorescence analysis showed that EGFP was primarily
detected in round and elongating spermatids (Fig. 3B-D)
in double-transgenic mice derived from crossing of the
Z/EG animals with those of Line 33A (Fig. 3C) and Line
33B (Fig. 3D). However, somatic cells, spermatogonia,
and spermatocytes did not show EGFP expression
(arrows in Fig. 3C,D), suggesting that the Cre-mediated
recombination might have occurred around the second
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FIG. 4. TSPY expression in normal human testis. A: Western-blotting of protein extracts of COS7 cells transfected modular genes coding
for different domains of TSPY. Antibodies from hybridoma clone #2 and clone #7 showed specificities for N-terminal (residue 1-150, lanes 1,
4) and C-terminal (residue 151-308, lanes 2, 5) halves of the human TSPY, respectively. The phosphorylated full-length (residues 1-308,
lanes 3, 6) TSPY is ~38-kDa in the testis (Schnieders et al., 1996) was detected by both monoclonal antibodies. The larger 48-kDa band in
lanes 3 and 6 could be result(s) of additional posttranslational modification of the protein by the COS7 cells. B-E: Images of normal human
testis immunostained by mouse pre-immune serum (B), and clone #2 (C,D), and clone #7 (E) antibodies, respectively. D,E: Magnified images
of the boxed area in C, stained by clone #2 (D) and clone #7 (E), respectively. Most germ cells from spermatogonia to spermatids were
immunoreactive to both clone #2 and clone #7 (Sg, Lc, Pc and Sd in D,E), while the somatic cells including Sertoli cells and Leydig cells
were negative. However, clone #7 stained both the spermatogonial cells and the spermatids with equal intensity, while clone #2 showed a
preferential staining of the spermatogonial cells. St, seminal tubules; It, interstitial cells; Se, Sertoli cells; Sg, spermatogonia; Lc, leptotene

spermatocytes; Pc, pachytene spermatocytes; Sd, spermatids. Scale bar = 100 um in B,C.

meiotic division. This observation is somewhat different
from the previously reported human situation in which
TSPY is specifically expressed in spermatogonia
(Schnieders et al., 1996). It is conceivable that the
recombination in these hTSPY-Cre;Z/EG mice might
have occurred at earlier stages, e.g., spermatogonia and/
or spermatocytes, but the levels of recombination were
insufficient to activate the EGFP gene and/or CAGGS
promoter could become most active in later stages,
thereby delaying the expression of the EGFP reporter at
the round and elongated spermatids. Alternatively, TSPY
could be expressed in other germ cells, such as the sper-
matids, in addition to the spermatogonia, but the avail-
able TSPY antibodies are incapable of detecting its
expression in later stages of spermatogenesis.

To resolve these two possibilities, we reexamined the
expression of TSPY in normal human testis using immu-

nohistochemistry with two monoclonal antibodies gen-
erated against a full-length recombinant human TSPY
protein. The antibodies from two hybridoma lines, desig-
nated as clone #2 and clone #7, recognized the N-termi-
nal (residue #1-150) and C-terminal (residue #151-308)
halves of the human TSPY protein respectively (Fig. 4A).
Clone #7 stained positively for most germ cells, but pref-
erentially for the spermatogonia and round spermatids
(Fig. 4E). However, clone #2 stained preferentially the
spermatogonial cells (Fig. 4C,D). The somatic cells,
including Sertoli and Leydig cells, were negative for both
antibodies. These findings, specifically the expression of
TSPY protein in the germ cells at late stages of spermato-
genesis, differ from previous reports of TSPY expression
in the spermatogonial cells of the human testis
(Schnieders et al., 1996). The differential detection of
TSPY proteins by these two N- and C-terminus-specific
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monoclonal antibodies is an interesting observation.
Recent studies demonstrated that several minor TSPY
transcripts (designated ExonlA, 1B, and 1C) could be
derived from alternative splicing of cryptic splice sites
located at the first exon, resulting in in-frame deletions
of 87, 104, and 139 amino acids from the N-terminal half
of the TSPY protein (Lau et al., 2003). Since clone #2 is
specific for the N-terminus, variant proteins lacking this
domain, as encoded by ExonlA-1C transcripts, will not
be recognized by this monoclonal antibody. On the
other hand, clone #7 is specific for the C-terminal half of
the protein, present in all TSPY isoforms, and is capable
of detecting most TSPY proteins. The present results
suggest that the abbreviated forms of the TSPY protein
could be preferentially expressed in round spermatids,
while both the full-length and the abbreviated forms
could be expressed in the spermatogenic cells. These
findings suggest that TSPY expression in different stages
of the spermatogenic cells in the human testis may be
more complex than what was originally observed.

The Cre transcript levels were also evaluated in the
testes of single hTSPY-Cre transgenic mice from newborn
(day 1) to 40 days after birth by semiquantitative RT-PCR.
Our results showed that the Cre recombinase transcripts
were present in newborn male testis, ovary, and brain (Fig.
2D), but not in nontransgenic littermates. The level of Cre
transcripts increased in the testis and became most abun-
dant at day 24, when meiotic II division was initially
observed and round spermatids appeared (Fig. 2E, Cre).
Our results, together with recent observations of TSPY
expression in prespermatogonial cells in both fetal and
postnatal human testes (Honecker et al., 2004), suggest
that the human TSPY promoter is active in most gonocytes
and prespermatogonia at fetal and postnatal testes and
early and late stages of spermatogenesis in adult testis.

The ovarian expression of the Cre transgene could be
detected with RT-PCR as early as newborn (Fig. 2D) and
throughout the postnatal stages (Fig. 2F). When these
hTSPY-Cre transgenic mice were crossed with the Z/EG
reporter line, EGFP could be observed directly at the fol-
licles in ovaries of 8-day-old double-transgenic mice (Fig.
3H, white arrowheads). EGFP was primarily located in
the oocytes in the late primary follicles (Fig. 3], white
arrows) and those of maturing secondary follicles of
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adult females (Fig. 31, white arrows). However, EGFP
was not observed in the granulosa cells (Fig. 31, Gr) nor
the early primary follicles (Fig. 3], orange arrowheads) in
these hTSPY-Cre;Z/EG mice. The expression of EGFP in
either the oocytes or sperm of these hTSPY-Cre;Z/EG
mice did not seem to affect their fertility nor reproduc-
tive functions. The recombined CAGGS-EGFP gene could
be transmitted to the offspring when these double-trans-
genic mice were mated with nontransgenic partners.
Since recombined EGFP transgene was under the direc-
tion of the CAGGS promoter, it is expressed ubiquitously
among many tissues of positive pups of the F2 genera-
tions (Fig. 3K,L). Although the Cre transgene could also
be expressed in early primary oocytes and spermatogo-
nia and spermatocytes, since its transcript could be
detected in the ovaries and testes of newborn and pre-
puberty animals, respectively, by RT-PCR (Fig. 2D,E), the
expression of EGFP reporter in the double transgenic
mice is probably a true indication of the actual activities
of the Cre recombinase directed by the human TSPY
promoter. Analysis the F2 animals harboring the recom-
bined CAGGS-EGFP transgene showed that EGFP was
expressed almost ubiquitously in most cells in both the
testis and the ovary (Fig. 3EG, respectively), hence the
differential expression of EGFP cannot be attributed to
any differences in CAGGS promoter activities in the
respective cell types in the hTSPY-Cre;Z/EG double
transgenic mice. These results support the postulation
that the 2.4kb human TSPY promoter is functional in
germ cells of postnatal testis and ovary, and is most
active in germ cells at late meiotic stages.

Detection of Cre transcripts in brains of hTSPY-Cre
mice was an interesting observation (Fig. 2B,C).
Although TSPY transcripts have been reported in human
brain EST databases (GenBank access. nos. BI828033,
BX281192) and in transgenic mice harboring a human
TSPY transgene on their Y chromosome (Schubert et al.,
2003), the expression of TSPY in the brain has not been
characterized in detail. The availability of the hTSPY-Cre
transgenic mouse offers an opportunity to evaluate the
behavior of the human TSPY promoter in directing
expression of the EGFP reporter gene in the brain. The
frontal view of the whole brain from hTSPY-Cre;Z/EG
transgenic mice showed a general green fluorescence

FIGURE 5. EGFP expression mediated by hTSPY-Cre recombination in adult brain. A-D: Frontal (A,C) brain and brain stem views (B,D) of
double-transgenic and single transgenic mice respectively were observed under the regular room light (left panels) and EGFP excitation light
(right panels). Only brains of double-transgenic mice showed EGFP expression. Yellow arrowhead, the trigeminal nerve; orange arrows,
anterior lobes of pituitary gland in B,D. E: A section of the cerebral cortex; no cell was double-stained by anti-GFP (green) and anti-GFAP
(red), indicating that these two proteins did not express in the same cells. F-H: Sections of the dorsal cortex of the inferior colliculus (DCIC),
the molecular layer (MOL), and the granule layers (GRN) of the cerebellum, showing EGFP (F) and NeuN (G) expression. H: Merged image of
F and G, showing a colocalization (orange color) of both EGFP and NeuN in the same cells. White arrows point to Purkinje cells that are neg-
ative for NeuN antibody. I-N: Sections of the hippocampus showing EGFP (l) and NeuN (J) expression, respectively. The boxed areas in |
and J are magnified in K and L, respectively. M,N: DNA (blue) staining and merged images of the boxed areas, respectively. Samples pre-
sented in F-N were derived from a female hTSPY-Cre;Z/EG double transgenic mouse. O-R: hTSPY-Cre33B;Z/EG also showed EGFP
expression in neuron-specific manner. EGFP expression (0,Q) and merged image with NeuN expression (P,R) in cerebellum (O,P) and pyra-
mid cell layer of hippocampus (Q,R), respectively. Arrows indicate Purkinje cell (F,H,0,P). Only NeuN-positive neurons, except Purkinje’s
cells (arrows in G,P), expressed the EGFP reporter and were observed as yellow/orange in the merged images (H,N,P,R). All figures, except
O-R, were obtained from hTSPY-Cre33A;Z/EG double transgenic mice, while O-R were derived from hTSPY-Cre33B;Z/EG mice. CA1-CAS3,
fields of the hippocampus; DG, dentate gyrus; cortex, cerebral cortex; Or, oriens layer of hippocampus; Py, pyramidal cell layer of hippo-
campus; Rad, stratum radiatum of hippocampus. Scale bar = 50 um in E,Q,R; 100 um in F-H and O,P; 126 um in K-N.
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(Fig. 5A). At the brain stem, green fluorescence was (Fig. 5B, orange arrowhead). Single transgenic mice har-
observed in the optic cord and trigeminal nerve (Fig. 5B, boring only the Z/EG transgene did not show any green
yellow arrowhead), but not in anterior pituitary gland fluorescence at the same brain structures (Fig. 5C,D).

TSPY-Cre;Z/EG -, Z/EG
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hTSPY-Cre;Z/EG hTSPY-Cre;- CAGGS-EGFP

+RT -RT
TeOvLi Br TeOvLi Br
Croe = es e e
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FIG. 6. EGFP and Cre transgene expression in E12.5 hTSPY-Cre;Z/EG embryos. A-D: Embryos observed under EGFP excitation light.
A,B: A hTSPY-Cre;Z/EG embryo. B: Merged image of that in A and one under room light. Green fluorescence was observed only around the
nerve systems (arrows). Vi indicates follicles of vibrissa. C: A single hTSPY-Cre transgenic embryo showing no green fluorescence. D: An F2
embryo harboring a fully recombined CAGGS-EGFP expressed EGFP ubiquitously. E-G: Immunofluorescence of section at the head area
(similar to that in A) of a female hTSPY-Cre;Z/EG embryo. E: Merged image of EGFP (green), neurofilament-M (red), and DNA (blue). F,G:
Individual images of EGFP (F) and neurofilament-M (G) of boxed area in E. H,l: Cre expression in trigeminal ganglion detected by anti-Cre
antibody staining. Cre expressing cells were detected only in hTSPY-Cre;Z/EG embryo (H, arrowheads), but not in —;Z/EG embryo
(1). J: Section of DRG from a male hTSPY-Cre;Z/EG embryo immunostained by anti-EGFP (green) and anti-B-galactosidase (red). Cells that
had undergone a Cre-mediated recombination showed EGFP expression, i.e., in the sensory neurons, and those that did not go through
such a recombination showed B-galactosidase expression. K: hTSPY promoter activities in hTSPY-Cre tissues of E12.5 embryos detected
by RT-PCR method. Cre expression was found in gonads, liver, and brain. Abbreviations are the same as in Figure 2. Scale bars =2 mm in
A-D; 200 pm in E; 100 pmin J.

To characterize the hTSPY promoter activity in the
brain, we analyzed the EGFP expression in conjunction
with immunofluorescence staining against the neuronal-
specific nuclear protein (NeuN) and astrocyte-specific
glial fibrillary acidic protein (GFAP) (Debus et al., 1983;
Mullen et al., 1992). The cerebellum and the dorsal cor-
tex of the inferior colliculus (DCIC) contained only
NeuN-positive cells, while Purkinje cells were positive

for only EGFP (Fig. SF-H). The ratio of EGFP-positive cells
to all NeuN-positive cells was slightly different among the
hTSPY-Cre;Z/EG mice; however, there was no significant
difference between male and female animals (data not
shown). Similar results were observed in the cerebral cor-
tex and the hippocampus (Fig. 5I-N) of the double-trans-
genic mice, while EGFP did not show any colocalization
with GFAP-positive cells (Fig. 5E). As shown in hTSPY
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Cre33A;Z/EG mice, the hTSPY-Cre33B;Z/EG mice also
showed EGFP expression in a neuron-specific manner
(e.g., Fig. 50-R). These results suggest that the hTSPY
promoter is specific for neurons, but not astrocytes, in
the brain.

Sexual dimorphism has been postulated to play a role
in brain development during embryogenesis (MacLusky
and Naftolin, 1981; Arnold and Burgoyne, 2004; De
Vries, 2004). The availability of the hTSPY-Cre and Z/EG
mice provided an opportunity to determine the pro-
moter activities of a human Y chromosome gene during
mouse embryogenesis. Embryos at or immediately after
sex determination, i.e., at stages E12.5-13.5, were used
in the present studies. At this time gonadal sex has
already been decided by the action of the Sry gene while
the sexual hormonal environments are still not fully
developed (MacLusky and Naftolin, 1981; Arnold and
Burgoyne, 2004; De Vries, 2004). RT-PCR analysis of
total RNAs derived from testis, male liver and brain, and
ovary of E12.5 hTSPY-Cre embryos showed detectable
Cre transcripts (Fig. 6K). At E12.5, green fluorescence
was visible directly at the head and vertebral column of
both male and female double-transgenic hTSPY-Cre;Z/EG
embryos (Fig. 6A,B, white arrows) while it was absent in
single transgenic hTSPY-Cre embryos (Fig. 6C). Inmuno-
fluorescence staining of tissue sections from these
embryos showed that EGFP was expressed principally in
the trigeminal ganglion (TG) and partially in the trigemi-
nal nerve (TN) of the primitive brain (Fig. 6E), which
were also positive for neurofilament M (Fig. GE-G).
Immunostaining of similar sections showed that they
were also positive for the Cre protein (Fig. 6H). These
results suggest that the human TSPY promoter is most
active in embryonic neurons at these developmental
stages of embryogenesis.

Although Cre recombinase transcripts were detected
in various embryonic tissues at this developmental stage,
EGFP, indicative of an efficient recombination, was not
easily observed among these tissues, including both the
testis and ovary. To evaluate the recombination status of
the Z/EG transgene in the double-transgenic embryos,
we analyzed the expression of both EGFP and [Bgeo
genes in these tissues, detected by antibodies against
EGFP and [3-galactosidase, respectively. Our results dem-
onstrate that neurons in the dorsal root ganglion (DRG)
underwent successful recombination and showed
high EGFP expression (Fig. 6A, white arrows, and 6)),
while the EGFP reporter transgene in most surrounding
nonneuronal cells did not undergo any recombination
and remained (-galactosidase-positive. Morphologically,
many of these EGFP-positive cells seemed to be sensory
neurons of the peripheral nervous system. The fetal
gonads, however, showed little or no EGFP immuno-
fluorescence and most cells were still positive for $-gal-
actosidase (data not shown). These results suggest that
insufficient Cre recombinase was available for an effi-
cient recombination in the fetal gonads, and perhaps
other tissues (e.g., liver), despite the presence of the Cre
transcripts (Fig. 6K).
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DISCUSSION

The GBY locus has been hypothesized to harbor a
gene(s) that serves a vital function in the testis; however,
when present in a female gonad it exerts an oncogenic
function leading to gonadoblastoma development (Page,
1987; Lau, 1999; Tsuchiya et al., 1995). For the past sev-
eral years the human TSPY gene has been considered a
strong candidate for the GBY locus, based on its map-
ping to the GBY critical region on the human Y chromo-
some and expression in tumor germ cells of gonadoblas-
toma samples and in male-specific cancers, testicular
seminoma, and prostate cancer (Lau, 1999; Lau et al.,
2000, 2003). Although TSPY encodes a protein(s) har-
boring an NAP/SET domain capable of binding to type B
cyclins (Kellogg et al., 1995), the exact mechanism of its
postulated oncogenic or tumor-promoting properties
has not been resolved. Significantly, it is uncertain
whether its expression in gonadoblastoma tissue repre-
sents a causative or consequential event. If it plays an
oncogenic or tumor-promoting role, we surmise that it
should be expressed in female germ cells, prior to or at
the early stages of gonadoblastoma development. The
present study demonstrates that the 2.4-kb human TSPY
promoter, when integrated into the autosomes of trans-
genic mice, is capable of directing the expression of a
modular Cre gene in the female germ cell lineage. Its
expression increases significantly in the late primary and
secondary oocytes of the ovaries, thereby efficiently acti-
vating the EGFP reporter in the Cre-LoxP system used in
this study. Hence, it is possible that TSPY could be simi-
larly active in the germ cell lineage of XY sex-reversed
females before or at the early stages of the oncogenic
process, thereby supporting the hypothesis that TSPY
plays a causative or predisposing role in gonadoblastoma
development in these patients.

TSPY expression has been observed in the gonocytes
and prespermatogonia in human fetal and postnatal
testes (Honecker et al., 2004) and spermatogonia and
spermatocytes in adult testis (Schnieders et al., 1996).
Similar expression in adult testis has been reported in
transgenic mice harboring an 8.2-kb genomic fragment
encompassing the entire human TSPY gene on the
mouse Y chromosome (Schubert et al., 2003). However,
our results clearly demonstrate that the human TSPY
promoter is active in both early and late stages of sper-
matogenesis in the mouse. Reexamination of TSPY
expression pattern in adult human testis using a panel of
domain-specific monoclonal antibodies suggests a bimo-
dal expression pattern of TSPY isoforms initially in early
spermatogonia and spermatocytes and then in late sper-
matids (Fig. 4). We surmise that the discrepancy in
detecting TSPY protein in various stages of spermatogen-
esis between the laboratories could be attributed to the
differences in the specificities of the antibodies used in
the respective studies. Unfortunately, the single-copy
Tspy gene on the mouse Y chromosome harbors several
in-frame stop codons in its coding sequence and does
not encode any functional protein and, therefore, could
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not be used in expression studies of the endogenous
Tspy protein in the present study (Mazeyrat and Mitch-
ell, 1998). The rat, however, possesses a functional Tspy
gene on its Y chromosome. Using a rat Tspy-specific pol-
yclonal antibody, we were able to detect the rat Tspy
protein in the spermatids of adult rat testis (Kido and
Lau, unpubl. data). This latter observation suggests that
the Tspy gene might be active in the spermatids of the
rodents. If the regulatory mechanism in the rat is pre-
served in the mouse, our results suggest that the 2.4-kb
human promoter is properly regulated in the spermatids
of transgenic mice.

Studies on TSPY expression, initially postulated to be
testis-specific, in the brain are somewhat limited, despite
the fact that transcripts of the human TSPY transgene
could be detected by the Northern hybridization techni-
que (Schubert et al., 2003) and TSPY ESTs have also
been reported in databases of brain cDNA libraries
(GenBank access. nos. BI828033 and BX281192). The
expression of the human TSPY promoter directed Cre
recombinase gene, and that of the EGFP reporter gene,
in the neurons of both central and peripheral nervous
systems of transgenic mice is a significant finding. Using
the Cre-LoxP gene activation system, we are able to dem-
onstrate the specific cell types in the central and periph-
eral nervous systems where the TSPY promoter is active.
In particular, the neuron-specific expression of the EGFP
reporter in the trigeminal ganglia, trigeminal nerve, and
dorsal root ganglia of E12-13 mouse embryos suggests
that the human TSPY gene promoter is active at the time
or immediately after sex determination in these embryos.

Currently, it is uncertain which cis-elements are
involved in germ cell and neuron-specific expression of
the human TSPY promoter. The human TSPY gene con-
tains various CpG islands within its promoter and first
exon sequences. In fact, these CpG islands were used as
functional landmarks in identifying the TSPY functional
gene from a human Y chromosome cosmid library
(Zhang et al., 1992). Several germ cell-specific genes
have been demonstrated to harbor CpG islands that are
regulated through various methylation, demethylation
process(es), and recruitment of transcription factors (De
Smet et al., 1999; Iannello et al., 2000; Hisano et al.,
2003). The human TSPY promoter harbors a 5'-
GGGTGGG-3' motif at 108 bp upstream of its transcrip-
tion start site. This element has also been detected on
the promoters of some testis-specific genes, including
proacrosin, protamine 1 and 2, and Hsp70-3, and hence
could potentially play a key role in determining the germ
cell-specific expression of the TSPY gene (Friedrich
et al., 1998; Steger, 1999). Currently, we are uncertain if
any enhancer element for spermatogonial cells is present
in the 2.4-kb TSPY promoter. Since animals from the
transgenic line harboring the 8.5-kb (including a 2.9-kb
promoter) TSPY transgene (Schubert et al., 2003)
express their transgene in spermatogonial cells, as
detected by immunostaining with a TSPY antibody gen-
erated by these investigators, one might argue that any
spermatogonial enhancer elements could likely be
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present within the 500-nucleotide sequence between
—2.9 kb to —2.4 kb of the human TSPY promoter.

Alternatively, the difference in expression between
the two studies could reflect the effects of meiotic sex
chromosome inactivation (MSCI). During early meiotic
prophase, the X and Y chromosomes are subjected to
chromosome-wide silencing and for many genes it per-
sists until the end of spermatogenesis. By contrast, the
autosomes escape this silencing mechanism (Tuner
et al., 2005). Thus, the TSPY transgene that integrated
on the Y chromosome of the host (Schubert et al., 2003)
will be subjected to MSCI and therefore be silent in late
spermatogenesis, while those integrated on the auto-
somes (such as the hTSPY-Cre transgenes in the present
study) will escape MSCI and will therefore be expressed
at late spermatogenic stages.

The neuron-expression of the TSPY promoter is some-
what unclear. The OIlf-1 transcription factor has been
postulated to regulate the olfactory receptor gene expres-
sion in adult and during neuronal development, by binding
to the OIf1 binding motif, 5" TCCYYRRGGAG-3', present
in its target genes (Wang and Reed, 1993). The human
TSPY promoter harbors such a motif at 533 bp upstream
of its transcription initiation site. This element could be
responsible for the hTSPY-Cre activation of the EGFP
reporter in the trigeminal ganglia, trigeminal nerve, and
sensory neurons of E12.5 embryos and in the brains of
adult mice. Although TSPY has been hypothesized to be
critical in germ cell development and male meiosis, its
roles in neural development and brain function is clearly
understood. However, a recent study of the sudden infant
death with dysgenesis of the testis syndrome (SIDDT)
detected a mutation of the TSPY¥like 1 gene (TSPYL1), an
autosomal analog of the TSPY gene (Puffenberger et al.,
2004). The mutated TSPYL1 gene encodes a protein with a
deleted TSPY/NAP/SET domain, conserved among mem-
bers of this gene family. This finding and those of the
present study suggest that TSPYL1 and TSPY may play a
role(s) in neuronal development and/or functioning of the
nervous system, in addition to its function as a germ cell
factor in the testis. The hTSPY-Cre lines should be useful
for studies requiring germ cell and neuron-specific gene
activation or gene deletion with the Cre-LoxP system in
transgenic mice.

MATERIALS AND METHODS

Animals

The Z/EG reporter mouse (Novak et al, 2000) was
obtained from the Jackson Laboratory (Bar Harbor, ME;
stock number 003920). FVB mice (Charles River Laborato-
ries, Wilmington, MA) were used in maintaining the ani-
mals. Mice older than 6 weeks were analyzed as adults.
All transgenic mice used in this study were heterozygous
for the respective transgene. The Institutional Animal
Care and Use Committee of the VA Medical Center
approved all experimental procedures in accordance with
the NIH Guide for Care and Use of Laboratory Animals.
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Construction of the phTSPY-Cre Plasmid
and Generation of Transgenic Mice

The 2.4k-bp promoter region (—2383 to +43 from the
transcription start site) of human TSPY gene was excised
by Sphl from the plasmid, pTSPY12.5 (Zhang et al.,
1992), and subcloned as a blunt-end fragment into the
Xhol site of pGL2-basic plasmid (Promega, Madison,
WD), resulting in the plasmid pGL2-hTSPY2.4. The CMV
promoter in the expression plasmid pCS2plus (Rupp
et al., 1994; Turner and Weintraub, 1994) was replaced
by the hTSPY2.4 promoter, resulting in an expression
vector, phTSPY2.4, consisting of a hTSPY2.4 promoter,
multiple cloning site, and polyadenylation site from
SV40. The Cre gene was excised from pCAGGS-NLS-Cre-
PGKPuro/cg (a gift of C. Lobe, Sunnybrook and Wom-
en’s College Health Science Center, Toronto) by PstI and
Bglll, and inserted into the HindIIl site of phTSPY2.4.
The resultant phTSPY-Cre plasmid was linearized by Scal
and gel-purified by binding to glass beads (BIO 101, La
Jolla, CA). The fragment was microinjected into the pro-
nuclei of one-cell embryos of BGCBAF1 and processed
for transgenic mouse construction using standard proce-
dures by the Stanford Transgenic Mouse Core Labora-
tory. All offspring were analyzed by PCR on genomic
DNA from tail biopsies with Cre primers (Cre-2F: 5-TGC
ATT ACC GGT CGA TGC AA-3/, Cre-3R: 5'-AGC TAC ACC
AGA GAC GGA AA-3") and EGFP primers (EGFP-F: 5'-
GCA AGC TGA CCC TGA AGT TCA TC-3/, EGFP-B: 5
AAC TCC AGC AGG ACC ATG TGA TCG-3'). A semiquan-
titative PCR procedure was used to estimate the trans-
gene copy numbers with 0.1 pg of genomic DNA from
tail biopsies at 27 and 30 cycles, using phTSPY-Cre plas-
mid as a reference.

Semiquantitative RT-PCR

Total RNA was isolated from various tissues by the
TORIZOL reagents (Invitrogen, Carlsbad, CA) or RNA
easy mini kit (Qiagen, Valencia, CA) according to proto-
cols supplied by the respective vendors for adult stages
and newborn stages, respectively. After treatment by
RQ1-DNase (Promega) to remove any contaminated
DNA, 0.36 png of total RNA (final 21 pl reaction) was
reverse-transcribed with the SuperScript reverse tran-
scriptase kit 2 (Invitrogen). One pl of reverse-transcribed
product was subjected to PCR using the touchdown pro-
cedure: 1 X 95°C, 5 min; 2 X (95°C, 1 min; 68°C, 1 min;
72°C, 1 min), 2 X (95°C, 1 min; 66°C, 1 min; 72°C, 1
min), 2 X (95°C, 1 min; 64°C, 1 min; 72°C, 1 min), 2 X
(95°C, 1 min; 62°C, 1 min; 72°C, 1 min), 32-40 X (95°C,
1 min; 60°C, 1 min; 72°C, 1 min), and 72°C, 7 min. The
PCR products were analyzed by electrophoresis in a
1.2% agarose gel and visualized by ethidium bromide
staining. The following primers were used for semiquan-
titative RT-PCR: mouse Tspy (5-CCT GAC TCC ACC
TGG ACT GCT TAT AT-3, 5"“TCA TCT TGG TTG CTG
ATG ATG GAC GA-3"); B-actin (5-TCA CCC ACA CTG
TGC CCA TCT ACG A-3/, 5'-CCA CGT CAC ACT TCA TGA
TGG A-3"), and Cre primers, as described above.
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Histology and Immunohistochemistry

Whole embryos or dissected tissue were initially
observed under the Leica MZ-FLIII fluorescence stereo-
microscope and recorded with a DC300F digital imaging
system. They were then fixed overnight in 10% formal-
dehyde-PBS (phosphate-buffered saline), pH 7.2 (Fisher
Scientific, Hampton, NH) at 4°C. The tissues were incu-
bated progressively through 10-30% sucrose in 2% DMSO /
100 mM PB (pH 7.2) for 12 h at each step at 4°C. They
were then incubated in Tissue Freezing Medium (Triangle
Biomedical Sciences, Durham, NC) at 4°C for 1 h prior to
being embedded in the Tissue Freezing Medium over
liquid nitrogen. Ten-pum cryosections were cut with a
cryostat, air-dried for 30 min, and then washed 3 times in
PBS for 5 min each. The sections were blocked with 3%
bovine serum albumin (BSA) in PBS and then reacted with
the primary antibodies at appropriate dilutions. After
overnight incubation at 4°C, the slides were washed in
PBS and then incubated with the appropriate secondary
antibody for 3 h at 37°C. DNA was stained by the DAPI
dyne in the mounting buffer (Vector Laboratories, Burlin-
game, CA). Fluorescent staining was examined with a
Zeiss Axiophoto fluorescence microscope and recorded
by a LEI-750 digital imaging system. Alexa488 conjugated
rabbit anti-GFP antibody (1:400) and Alexa568 conjugated
donkey antimouse IgG antibody (1:600) were obtained
from Molecular Probes (Eugene, OR). Mouse anti-neuro-
filament M antibody (1:500), mouse anti-glial fibrillary
acidic protein (GFAP) antibody (1:500), and mouse anti-
neuronal nuclei (NeuN) antibody (1:150) were obtained
from Chemicon International (Temecula, CA). Mouse anti-
B-galactosidase antibody (1:100) was obtained from
AbCam (Cambridge, UK).

For the immunohistological analysis of Cre expres-
sion, cryosections were air-dried and treated with a 3%
H,O, solution for 10 min. The sections were blocked
with 10% normal goat serum in PBS and incubated with
a rabbit anti-Cre antibody (1:1,000, Novagen, San Diego,
CA) overnight at 4°C. The primary antibody was visual-
ized by reacting with biotinylated antirabbit IgG anti-
body (1:600, Upstate Biochemicals, Lake Placid, NY) and
horseradish peroxidase conjugated avidin (Vector Labo-
ratories), using diaminobenzine as substrate. Nuclei
were visualized by counterstaining with hematoxylin.
The immunostained sections were examined and
recorded with a Zeiss Axiophot microscope as before.

Analysis of TSPY Expression in Normal
Human Testis

Antihuman TSPY mouse monoclonal antibodies were
produced with the hybridoma technology against the
full-length recombinant human TSPY by a commercial
vendor (Vancouver Biotechnology, Vancouver, BC). The
locations of epitopes were assigned by Western blotting
of protein extracts from COS7 cells transfected with
expression vectors consisting of pCS2plus (Rupp et al.,
1994; Turner and Weintraub, 1994) and cDNA fragments
coding for 1-150 aa, 151-308 aa, or 1-308 aa of the
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human TSPY (Zhang et al., 1992). Western blotting was
performed as described previously (Oh et al., 2005).

Human testis sections were purchased from Ambion
(LandMark Normal Tissue MicroArray, Austin, TX). The
donors’ age ranged from 63-78 years old. Sections were
dewaxed and rehydrated through descending grades of
alcohol to distilled water. The sections were treated with
an antigen retrieval procedure in 100 mM Tris-HCl (pH
10) at 95°C for 30 min, incubated in 3% hydrogen perox-
ide, and washed in PBS. Nonspecific protein binding
was blocked by pretreatment with 3% BSA in PBS. Sec-
tions were then incubated overnight in a humid cham-
ber at 4°C with the respective TSPY monoclonal anti-
body (1:500 for clone #2, 1:3,000 for clone #7). The pri-
mary antibody was visualized as described above. The
human study was performed under an exempt protocol
approved by the Institutional Committee on Human
Research, VA Medical Center, San Francisco.
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marker, but positive for TSPY. In every GB, a minor population of germ cells positive for both markers
could be identified, similar to most CIS cells and early invasive DG. On progression to an invasive
tumor, TSPY can be lost, a process that is also detectable in invasive testicular GCTs compared to CIS.
These results indicate that GB is a heterogeneous mix of germ cells, in which the OCT3/4-positive cells
have the potential to undergo progression to an invasive tumor. These early invasive stages are initially
also positive for TSPY (like CIS), supporting a positive selection mechanism. Therefore, OCT3/4 in
combination with TSPY is valuable to identify malignant germ cells in dysgenetic gonads. This could
allow better prediction of the risk of progression to a GCT. In addition, the data support the model that
GB represents the earliest accessible developmental stage of malignant GCTs.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction

Human germ cell tumors (GCTs) represent a unique and
complex group of neoplasms. Recently, we proposed a
classification system on the basis of various parameters,
including age at clinical presentation, anatomical site of the
tumor, sex of the patient, histology, and chromosomal
constitution (see Refs [1,2] for review). This classification
has been acknowledged by the World Health Organization
[3]. The group of tumors referred to as type II GCTs are the
seminomas and the nonseminomas of the testis and
mediastinum, known as (non)dysgerminomas of the ovary
and dysgenetic gonad, and (non)germinomas of the brain.
Various risk factors for these types of GCTs have been

identified, in particular, related to those of the gonads,
including cryptorchidism and gonadal dysgenesis [4-6]. The
precursor of testicular seminomas and nonseminomas is
well established and known as carcinoma in situ (CIS) [7],
also referred to as intratubular germ cell neoplasia unclas-
sified. The precursor lesion of the tumors of the dysgenetic
gonad is called gonadoblastoma (GB) [4]. Like CIS, it
shows the potential to progress to an invasive GCT, mainly
dysgerminoma (DG), and less frequently to other tumor
components, as embryonal carcinoma (EC), teratoma (TE),
yolk sac tumor (YST), and choriocarcinoma (CH). Being a
rare condition, GB has not been studied extensively, even
though it might increase our understanding of the different
pathogenetic steps involved in the development of malig-

Table 1  Clinical data and summary of immunohistochemical results of PLAP, ¢-KIT, OCT3/4, and TSPY staining experiments of germ
cells in GB, DG, and TGCTs of adolescents and adults
Organ Sex Case Age (y) Histology PLAP c-KIT OCT3/4 TSPY
Dysgenetic F 1 18 GB +— — e Ee
gonad
Early invasive DG 4 — 4 +
F 27 20 GB +— 3 ++ +
Early invasive DG + + ++ +
E 3 14 GB +— + ++ 4
Early invasive DG + + ++ +
M 4 21 GB +— — ++ 4+
Early invasive DG + = ++ +
Progressed DG +—/— = 4HE +/—
F 5 16 GB = = 4 4
Testis M n =31 >16 CIS 4= +/— s ++(—)
n=21 >16 Seminoma ++ +/— ++ A=
>16 Nonseminoma:
n=18 EC —+ —+ e _
n=9 TE — — — _
n=7 YST — = — _
n=4 CH = = — _

The organ, phenotype of the patient (all patients with a dysgenetic gonad had a 46,XY karyotype), age of the patient at time of tissue sampling (years),
histology of the tumor, and staining results of immunohistochemistry at different stages of progression (GB, early invasive DG, progressed DG), EC, TE,
YST, and CH are indicated. Immunohistochemistry for c-KIT was not always positive in GB; all cases consistently showed expression of TSPY, OCT3/4,
and PLAP. Expression of the latter 2 was mainly found in immature germ cells (indicated by +/—). Staining results were the same on both sides (data not
shown). — indicates negative; +/—, heterogeneity of staining; +, moderate; ++, strong intensity of a homogenous staining.

# Case 2 presented with bilateral gonadoblastoma.
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nant GCTs. Both the comparatively young age at presenta-
tion [4] and the genomic constitution [8] suggest that GB
could be the earliest accessible stage in the development of a
malignant GCT.

There are strong indications that both GB and CIS are the
result of a disturbance in germ cell maturation. This model
is supported by epidemiological and morphological obser-
vations, as well as the presence of a number of immuno-

histochemical markers like germ cell/placental alkaline
phosphatase (PLAP) and the protooncogene receptor
¢-KIT in CIS and GB [9-11]. Besides c¢-KIT and PLAP,
GBs were recently found to express 7SPY (testis-specific
protein on the Y chromosome) in a limited number of cases
[12,13]. This is of particular interest, because development
of GBs has been linked to the presence of a specific part
of the Y chromosome, namely the GBY (GB on the
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Y chromosome) region [14-16]. A candidate gene in this
region is 7SPY. Although its function is still unclear, a role
in the proliferation of germ cells has been suggested [13].

The model that CIS originates from an early germ cell,
either a primordial germ cell or a gonocyte, is strongly
supported by our recent finding that the octamer binding
transcription factor POUSF1, also known as OCT3/4, is
specifically found in CIS, seminoma, and EC [17]. OCT3/4
is a known marker for pluripotency. Its presence mimics the
expression pattern during embryogenesis, where this factor
is restricted to embryonic stem cells and early germ cells
(as discussed in Ref [17]). We recently found that OCT3/4 is
down-regulated during germ cell maturation both in male
and female gonadogenesis [18,19]. In a large series
investigating various malignancies, one case of GB was
positive for OCT3/4, as were all cases with testicular CIS
[17]. Recently, this was confirmed in larger series [20-25].

Presence of c-KIT, PLAP, OCT3/4, and TSPY proteins
has not been investigated systematically in a single study in
multiple GBs. To further investigate the pathogenesis of
GB, and to shed light on its pathogenetic relationship with
testicular CIS, we performed a detailed investigation of
these markers in a series of 6 GBs and adjacent invasive
tumor components. The findings were compared to those
obtained in testicular CIS and adjacent invasive GCTs. Our
results confirm that GB is a mixture of germ cells at
different stages of maturation, which can be identified by
morphology as well as the presence of various markers.
A process of selection of immature germ cells leads to the
precursor cells of invasive GCTs. This is demonstrated by
the consistent and homogenous staining pattern for both
OCT3/4 and TSPY in these cells, as well as in early invasive
tumor cells and CIS. Upon further progression, eventually
resulting in an invasive tumor, TSPY can be lost, whereas
OCT3/4 remains positive. These observations are in line
with the model that GB is an intermediate between normal
immature germ cells and CIS of the testis.

2. Materials and methods
2.1. Material

Use of tissues for scientific reasons has been approved
by an institutional review board (MEC 02.981). The
samples were used according to the “Code for Proper
Secondary Use of Human Tissue in the Netherlands,”
developed by the Dutch Federation of Medical Scientific
Societies (FMWYV) (version 2002).

Six dysgenetic gonads (including one individual with
bilateral dysgenetic gonads) containing GB with or without
an invasive tumor component were collected in the south-
western part of the Netherlands in collaboration with
pediatric surgeons, urologists, and pathologists (Table 1).
Furthermore, 21 seminomas and 38 nonseminomas of diffe-
rent, sometimes mixed, histologies (18 EC, 7 YSTs, 9 TEs,
4 CHs) of the adult testis were included, also, 31 cases of CIS
adjacent to invasive testicular germ cell tumors (TGCTs)
were retrieved from our archive. In addition, intratubular
seminoma and nonseminoma could be identified in a number
of cases. Two testicular CIS cases without the presence of an
invasive tumor were also included. Two normal testes from
fetuses of 16 and 21 weeks gestational age were obtained
after spontaneous miscarriages. The postmortem examina-
tions were carried out in our department. Tissues were
routinely formalin fixed and paraffin embedded. Diagnosis
of GB and invasive tumor parts was made according to the
World Health Organization classification by a pathologist
experienced in GCT pathology (JWO).

On the basis of morphology, the germ cells present in GBs
were classified as immature or mature. The immature cells are
characterized by their smaller size and a higher nuclear to
cytoplasmic ratio. These cells are similar to normal gono-
cytes/oogonia. The mature germ cells, which are larger with a
clear cytoplasm and which has a lower nuclear to cytoplasmic
ratio, are similar to oocytes/prespermatogonia.

Fig. 1  Representative examples of histology and immunohistochemistry of a GB included in this study (A-D, case 4, Table 1). Parallel

sections were used, allowing direct comparison of the different staining results. A, Hematoxylin and eosin staining. Note the presence of
supportive cells, Sertoli/granulosa cells (indicated by a black arrow) as well as germ cells, with various stages of maturation; immature germ
cells are small and show a high nuclear/cytoplasmic ratio (indicated throughout this figure with a red arrow), whereas mature germ cells show
the opposite characteristics (indicated throughout this figure with a green arrow). B, PLAP staining: the red cytoplasmic signal in
predominantly the immature germ cells, as well as in some stromal cells. C, OCT3/4 staining. Note the positive brown staining
predominantly in the immature and not the mature germ cells. None of the other cell types shows a positive staining. D, TSPY staining: the
red nuclear and cytoplasmic signal, predominantly in the mature compared to immature germ cells. In addition, supportive cells can be
positive. All images are at a magnification factor of X400. Representative example of immunohistochemistry for TSPY on a tissue section of
(E) seminiferous tubules with CIS and invasive testicular seminoma and (F) seminiferous tubule with CIS and invasive EC. Note that the CIS
cells are specifically stained, and note the absence of TSPY in the invasive tumor cells. G, Double staining for OCT3/4 (red) and TSPY (blue)
in an invasive seminoma (same case as shown in E). Note the double-positive CIS cells and the loss of TSPY, but only of OCT3/4 in the
invasive cells, that is, TSPY is lost upon invasive growth. Coexpression can result in a dark almost black signal. H, Representative example
of immunohistochemistry for TSPY on a tissue section of testicular parenchyma, containing both seminiferous tubules with normal
spermatogenesis (right part of the image) and CIS (left lower part of the image). Carcinoma in situ cells stain stronger than spermatogonia
(hematoxylin and eosin, original magnification X200).
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2.2. Immunohistochemistry

Staining was performed as described before [26]. For
immunohistochemistry, 3-um-thick paraffin-embedded tis-
sue sections were incubated with the primary anti-
bodies overnight at 4°C: PLAP (1:200, Cell Marque, Hot
Springs, Ark), c¢-KIT (1:500, Dako-Cytomation, Glostrup,
Denmark), and TSPY (1:3000, provided by C. Lau). Ki-67
(1:100, Dako-Cytomation) were incubated for 1 hour and
OCT3/4 (1:1000, Santa Cruz Bio-technology, Santa Cruz,

Calif) for 2 hours at room temperature. All slides of the
single-staining experiments were counterstained with hema-
toxylin. Alkaline phosphatase staining with new fuchsin
was used for the detection of PLAP, c¢-KIT, and TSPY,
resulting in a red signal of cytoplasmic, membranous, and
cytoplasmic/nuclear localization, respectively. Diaminoben-
zidine was used as chromogen in the peroxidase staining for
the detection of OCT3/4, resulting in a brown nuclear signal.

Double-staining experiments were performed using a
combination of the same detection methods but with
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different visualization methods: Fast Blue/Naphthol ASMX
phosphate (F3378 and N500; Sigma, Steinheim, Germany)
for a blue staining (TSPY) and 3-amino-9-ethyl-carbazole
(A.5754 and D4254; Sigma)/H,O, for a red staining
(OCT3/4; Ki-67), without counterstaining. To reduce
background signal, endogenous peroxidase activity and
endogenous biotin were blocked using 3% H,O, (for
5 minutes) and a blocking kit for endogenous biotin (Vector
Laboratories, Burlingame, Calif).

2.3. Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed
as previously described [27] on paraffin-embedded tissue
sections using probes specific for the centromeric regions of
chromosomes X (DXZ1) and Y (DYZ3). Only whole nuclei
of intact cells were scored in 2 different tumor areas, both in
regions containing GB and DG, if present. The mean
number of spots per nucleus is indicated; minimum number
of cells assessed was 117.

3. Results

¢-KIT and PLAP are established markers suitable for the
immunohistochemical detection of CIS cells of the adult
testis (for review, see Ref [28]). This also counts for OCT3/4
[17], of which multiple confirmative studies have been
reported [20-25], and for TSPY [29], although this is less
well established. Here we compare the staining pattern of
these markers in CIS with the findings in a series of GBs. In
total, 6 GBs were included of 5 independent patients with a
46,XY karyotype (one was bilateral). In 4 cases, an adjacent
invasive DG component was available for investigation.
Three of the invasive tumors showed an early stage of
invasiveness near the GB areas (termed early invasive
dysgerminoma, Table 1), and 1 case also contained large
invasive tumor areas at a distance from the precursor lesion
(termed progressed dysgerminoma, Table 1). The results of
the staining experiments are summarized in the Table 1, and

representative examples of staining results are shown in
Fig. 1. Double-staining experiments were performed for
TSPY and OCT3/4, and TSPY and Ki-67, of which repre-
sentative examples are shown in Figs. 1G and 2. To assess
the presence of chromosome X and Y, FISH analysis was
performed using centromere probes for these chromosomes.

Morphologically, GB lesions contain various cell types,
including somatic cells and germ cells (Fig. 1A). The first
show characteristics of Sertoli/granulosa cells (further
supported by a weak staining for vimentin using immuno-
histochemistry, data not shown), whereas the germ cells are
a mixture of cells at different stages of maturation. The
smaller cells with a high nuclear to cytoplasmic ratio are
immature germ cells, resembling gonocytes/oogonia. The
bigger cells with a large clear cytoplasm are mature germ
cells, which are similar to prespermatogonia/oocytes.

3.1. Results of single-staining experiments

¢-KIT was the least consistent marker investigated in the
GBs in this study. It showed no staining in the 3 GBs and the
2 matched DGs. In contrast, PLAP was detected in all GBs
and adjacent invasive components, with a heterogeneous
pattern in the most advanced DG. However, not all germ
cells present in GBs were positive for PLAP (Fig. 1B).
Although most mature germ cell were negative, the
immature germ cells were mainly positive, although stromal
cells could show staining. Most of the tumor cells in invasive
DG showed a weaker signal intensity or were negative for
PLAP (Table 1). This indicates that PLAP is present in GB
but weaker to negative in invasive DG. A similar pattern has
been observed in testicular CIS and seminoma, in which
PLAP is down-regulated upon tumor progression (Table 1).

OCT3/4 was readily detectable as a nuclear staining in all
GBs (Fig. 1C), in which the protein was restricted to the
immature germ cells, although the more differentiated germ
cells were negative. In contrast to the heterogeneity seen in
GB, all tumor cells of DGs, both adjacent to and at distance
from GB areas, showed a homogenous staining for OCT3/4
(see also Fig. 2). Therefore, a selection of OCT3/4-positive

Fig. 2 Representative examples of double immunohistochemical staining experiments. Shown are TSPY (blue cytoplasmic and nuclear

signal) and OCT3/4 (red nuclear signal) in (A) early invasive DG (case 3, Table 1). Similar to seminoma, the vast majority of DG cells show
expression of both markers. Original magnification X400. B, Gonadoblastoma (case 1, Table 1). Note the heterogeneous staining pattern,
only a minority of cells shows a positive staining of both factors. The germ cells only positive for OCT3/4 are indicated by a red arrow, and
the germ cells only positive for TSPY by a green arrow. The double-positive cells are indicated by a red/green arrow. Original magnification
x400. C, Normal fetal germ cells, gestational age 21 weeks. Note that whereas TSPY is predominantly expressed in prespermatogonia
(located on the basal membrane, green arrow), OCT3/4 is seen more frequently in gonocytes in a more central localization of the tubule
(red arrow). Only a minority of germ cells is positive for both factors (green/red arrow). Original magnification x400. D, CIS and early
(micro-)invasive seminoma. The CIS and early invasive seminoma cells (left and middle panel of the image) show expression of both
markers. Invasive seminoma cells at more distance (right panel of the image) show loss of TSPY but not of OCT3/4. Original magnification
x200. E, CIS adjacent to an invasive tumor. Note the presence of CIS cells with both markers (red/green arrow) as well as CIS cells without
TSPY, but staining for OCT3/4 (red arrow). Original magnification x400. F, CIS before invasiveness. All cells show coexpression of both
factors. Original magnification X 100. G, Double-staining for TSPY (blue cytoplasmic and nuclear signal) and Ki-67 (red nuclear signal) in
GB (case 5). Mature germ cells are TSPY positive, whereas Ki-67 is mainly positive in immature cells. Only a minority of the cells is positive
for both factors, indicated by an arrow. Original magnification x400. H, Normal fetal germ cells (same case as shown in C). Only a minority
of germ cells (around 30%) is positive for both factors (indicated by a black arrow). Original magnification x400.
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cells takes place during development of an invasive tumor
from GB. These data are in accordance to observations in
CIS and TGCTs (see the following paragraphs and see Ref
[17] for discussion).

A heterogeneous staining pattern was found in GB for
TSPY. In contrast to OCT3/4, TSPY was detected in both a
nuclear localization and in the cytoplasm (Fig. 1D). The
protein was not detectable in somatic cells resembling
granulosa/Sertoli cells. Tumor cells of early invasive DG
closely adjacent to the GB areas consistently showed a strong
and homogenous staining for TSPY, similar to the pattern
seen for OCT3/4 (see Fig. 2 for examples). TSPY expression
could be lost in invasive DG areas at distance from the
preinvasive lesion. A similar pattern was also detected in the
testis: TSPY was strongly expressed in CIS adjacent to
invasive tumors, both seminoma and nonseminoma (see
Table 1 and Fig. 1E-G). Intratubular seminoma was
consistently positive, whereas invasive seminoma, like DG,
can lose expression of TSPY. In contrast, all nonseminomas
lack TSPY. Interestingly, even the intratubular EC compo-
nent is already negative (data not shown). Because FISH
analysis revealed that the Y chromosome is not lost in these
tumors (data not shown), loss of TSPY protein is not due to
gross loss of Y-genetic material on progression.

In normal spermatogenesis, TSPY staining was predom-
inantly seen in spermatogonia and sometimes spermatocytes
(see Fig. 1H, right panel). However, the staining intensity of
TSPY in CIS was stronger than in spermatogonia (Fig. 1H,
left panel).

3.2. Results of double-staining experiments

To further investigate the observed heterogeneity in
expression of OCT3/4 and TSPY in GB, CIS and invasive
tumor components, double-staining experiments were per-
formed. The results for OCT3/4 and TSPY were in line with
the results of single-staining experiments. The early invasive
DG components showed a homogenous staining for both
OCT3/4 and TSPY, in which most tumor cells were positive
for both markers (Fig. 2A). In GB, however, the mature
germ cells were positive for TSPY and negative for OCT3/4,
whereas immature germ cells were mainly positive for
OCT3/4 only (Fig. 2B). Only a subpopulation of germ cells
in GB showed coexpression of both markers. To investigate
whether coexpression of OCT3/4 and TSPY is a physiolog-
ical event during normal intrauterine male germ cell
development, we stained 2 normal testes of fetuses of 16
and 21 weeks of gestational age. Most of the germ cells
were found to be positive for only one factor, either OCT3/4
or TSPY. A minority of OCT3/4-positive germ cells also
showed expression of TSPY (Fig. 2C). Interestingly, these
cells were located on the basal membrane of the seminif-
erous tubule. Whereas the overall number of OCT3/
4-positive cells decreased from weeks 16 to 21 of gestational
age, the fraction of germ cells showing expression of both
markers remained unchanged.

These results were compared to the samples of testicular
CIS and TGCTs, subjected to the same protocol for double
staining. In accordance with the single-staining results, CIS
and early invasive seminoma components were homoge-
nously positive for both OCT3/4 and TSPY (Fig. 2D, left
and middle panel). A more heterogeneous pattern was seen
in later stages of invasiveness of seminomas, where
expression of TSPY could be lost, but OCT3/4 remained
positive (Fig. 2D, right panel, and Fig. 1G). In all cases of
CIS adjacent to an invasive tumor, either seminoma or
nonseminoma (which were all negative for TSPY), CIS cells
without expression of TSPY but positive for OCT3/4 were
found (Fig. 2E). In 2 cases of CIS without invasive tumor,
all CIS cells expressed TSPY (Fig. 2F). These data indicate
that TSPY is lost upon invasiveness of GCT cells. This step
can already occur in the in situ stage (Fig. 2E).

Finally, to assess whether there is a correlation between
TSPY expression and proliferation, we performed double-
staining analyses for TSPY and Ki-67. In addition to CIS
and GB, the 2 normal fetal testes were investigated. Most
malignant germ cells (around 90%) of both CIS and
intratubular seminoma were positive for both TSPY and
Ki-67. Gonadoblastoma with an adjacent invasive tumor
component showed a similar pattern as CIS, whereas GB
without invasive tumor was much more heterogeneous
(case 5, Fig. 2G). In fact, less double-positive cells were
identified. In these cases, mature germ cells were mainly
TSPY positive, whereas immature cells were mostly positive
for Ki-67 only, and coexpression of both markers was rarely
seen. This was similar to the pattern seen in fetal testes,
where the 2 factors were not frequently coexpressed. Only
around 30% (29% at 16 weeks; 32% at 21 weeks gestational
age) of germ cells positive for TSPY also showed expression
of Ki-67 (see Fig. 2H).

4. Discussion

The term dysgenetic gonads is used to describe the
phenomenon of a disturbed gonadal sex determination or
differentiation. This condition is associated with an
increased risk for the development of malignant GCTs.
The invasive tumor components, referred to as DGs and
non-DGs, resemble those of the adult testis (TGCTs),
seminoma, and nonseminoma of various histologies. The
precursor lesion is known as GB [4]. Histologically, GBs
consist of aggregates of germ cells and sex cord elements,
including immature Sertoli and granulosa cells. Some of the
germ cells show similarities to CIS, the known precursor of
TGCTs [10]. Both CIS and GB are thought to be the result
of a maturation arrest of early germ cells, possibly due to a
disrupted gonadal environment or unknown pathogenetic
hits. Because CIS is highly similar to the invasive TGCTs
(ie, seminoma), and is suggested to be “only one step behind
in the karyotypic evolution” [30,31], it might not be the best
target for the identification of the earliest steps in the
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development of TGCTs. This could, however, be the case
for GB [8]. We undertook the present study to further
understand the biology of this condition, and to compare
similarities and differences between GB and CIS.
Immunohistochemical analysis of both known (PLAP,
¢-KIT) and recent markers of early male germ cells (OCT3/4,
TSPY) was performed in GBs and adjacent DGs. Gonado-
blastomas have previously been reported to be positive for
PLAP and c-KIT [9-11]. Our results are mainly in line with
these findings. PLAP can be present in GBs and is weakly
but homogenously positive in the invasive component.
However, c-KIT was not always detected. We therefore

OCT3/4 and TSPY in all GBs investigated. Early invasive
DG cells closely adjacent to the GB component were
positive for both OCT3/4 and TSPY. A similar pattern was
found in most CIS cells and could be confirmed by double-
staining experiments. TSPY has previously been reported in
a few cases of GB [12,13], although, to our knowledge, the
presence of TSPY in early invasive DGs and the loss of
expression on tumor progression are novel. These findings
support a model in which progression from early GB to
invasive growth is associated with expression of both TSPY
and OCT3/4 in immature germ cells (see Fig. 3 for a
schematic representation). A similar pattern is present in

conclude that ¢c-KIT is not a reliable marker for the detection
of GB. A heterogeneous staining pattern was found for both

CIS and early stages of seminoma. This indicates that TSPY
might be involved in the initial selection of tumorigenic
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Fig. 3  Schematic representation of normal and neoplastic germ cell development. The earliest stage of maturation (starting with a
primordial germ cell) is indicated on the left side of the illustration and the most mature (differentiated) stage at the right. Maturation of germ
cells is graphically depicted by increasing size of cells and nuclei. Normal male development (top row) and female development (bottom row)
lead to functional gametes (spermatozoa and ovulating oocyte, respectively). Note that in the absence of determining factors for male
development, female differentiation occurs—a mechanism known as “default pathway” (see arrow sizes leading from gonocytes to normal
male or female development). Red nuclei indicates germ cells positive for OCT3/4; cytoplasmic blue cells, germ cells positive for TSPY. The
colors are consistent with the detection methods in the double staining as shown in Figs. 1 and 2. During normal male fetal germ cell
development (and in GB), only a minority of cells show coexpression of OCT3/4 and TSPY (depicted by a red nucleus and a blue
cytoplasm). A disturbed process of germ cell maturation can result in invasive GCTs (boxed areas, middle panel). Gonadoblastoma contains
germ cells at different stages of development in a disturbed stromal environment, classifiable both morphologically and with regard to the
presence of the immunohistochemical markers OCT3/4 and TSPY (middle panel). In contrast, CIS (upper boxed panel) and early invasive
DG are much more homogeneous, both morphologically and with regard to the expression of OCT3/4 and TSPY. This suggests a process of
selection and clonal expansion and supports the model that GB is an earlier stage in the process of GCT formation than CIS.
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cells, possibly by playing a role in cell cycle regulation or
cell division [13]. We therefore assessed the fraction of cells
that were positive for both TSPY and Ki-67, a marker for
proliferation. Interestingly, coexpression was found in the
vast majority of CIS and early invasive seminoma cells, as
well as in GB with an adjacent invasive tumor. This
underlines the strong proliferative activity of both lesions.
Whereas the proliferative activity of CIS has been reported
before [32], little is known about proliferation in GB. TSPY
and Ki-67 were less frequently coexpressed in one GB case
that had not yet developed into an invasive tumor (case 5,
Table 1). In our view, this could indicate that this specific
GB case had not yet progressed to the next pathogenetic
step, that is, the expansion of one premalignant clone. In
fact, it could pathogenetically be one step behind CIS,
which is the obvious result of a clonal process. Whatever the
role of TSPY in preinvasive lesions, proliferation in the
invasive GCTs is no longer dependent on TSPY, as is
demonstrated by the loss of TSPY on tumor progression.

Like TSPY, OCT3/4 has been shown to be present in
GBs [17,18]. In the present series, OCT3/4 was readily
detectable in all GBs in the nuclei of cells showing
morphological features of immature germ cells. Further-
more, as OCT3/4 remained positive throughout all stages of
tumor development from GB to DG, it can serve as a marker
to identify cells showing a high risk for malignant
transformation. However, it is important to notice that the
coexpression of OCT3/4 and TSPY does not per se confer
neoplastic properties to germ cells. This is illustrated by the
fact that normal male fetal germ cells of the second trimester
can coexpress both TSPY and OCT3/4, although only in a
minority of all cells.

Results of the double-staining experiments support the
notion that GB consists of a heterogeneous group of mature
and immature germ cells, of which the immature cells show
the phenotype similar to premalignant cells, in line with
earlier findings [10]. Interestingly, we recently observed that
mature germ cells in GB resemble more the male germ cell
lineage than the female [33]. The higher incidence of these
tumors in males compared to females confirms the finding
of a crucial role of part of the Y chromosome in the
development of this tumor [14]. Our results are compatible
with the model that after a process of selection and
consecutive clonal expansion, immature germ cells in GB
expressing OCT3/4, PLAP, and TSPY progress to the next
pathogenetic step, eventually leading to invasive growth.
Whether the presence of TSPY is needed to maintain the
germ line commitment of these cells at an early stage, or
confers a growth advantage during the critical step to
invasiveness, remains to be elucidated.

In conclusion, our results show that GB consists of a
heterogeneous population of germ cells. Both in DG in
ovaries and in seminoma, its counterpart in the adult testis,
the step to an invasive GCT seems to involve selection and
clonal expansion of an immature germ cell, positive for
OCT3/4 and TSPY. At later stages of invasiveness, TSPY

can be lost, whereas OCT3/4 always remains present in
tumor cells exhibiting germ line characteristics, that is, DG
or seminoma. Our analysis places GB at a very early stage
of GCT development, making it an interesting entity to
elucidate changes involved in the early pathogenesis of this
disease in the future.
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1. Introduction

In addition to a high incidence of leukemias, trisomy 21
(Down syndrome) is associated with an increased risk for
gonadal and extragonadal germ cell tumors [1]. The
incidence of testicular germ cell tumors (TGCTs) in
individuals with trisomy 21 is estimated at 0.5% compared
with an expected incidence of 0.087% in the general
population [2]. Some studies even mention a 50-fold increase
in incidence [3,4]. Seminomas, nonseminomas, and 2 fetal
carcinoma in situ (CIS) lesions (the precursor lesion of
these tumors, also called intratubular germ cell neoplasia
unclassified) have been reported, the first occurring most
frequently [4-6]. In view of the young age at which these
tumors are diagnosed, a genetic background is suspected.
Cryptorchidism, which occurs frequently in Down syndrome,
is also a risk factor, although TGCTs are mainly found in
normally descended testes. Additional contributing factors
are excessive follicle-stimulating hormone stimulation due to
hypergonadotropic hypogonadism, a possible gene dosage
effect of putative oncogenes on chromosome 21, increased
sensitivity of trisomic cells to carcinogenic agents, and

increased maternal age [2,4,7]. Recently, maturation delay
of germ cells and prolonged expression of the stem cell factor
receptor c-KIT (gene encoding the stem cell factor receptor
that has tyrosine kinase activity) during intrauterine devel-
opment have been related to the development of CIS in
various intersex conditions and chromosomal anomalies by
increasing the survival and proliferative chances of the
primordial germ cells (PGCs) [8,9].

To investigate if and to what extent intrauterine
maturation delay of germ cells is present in trisomy 21,
we studied the expression of several immunohistochemical
markers for germ cells in the gonads of 30 fetuses, neonates,
and infants with trisomy 21, and compared their expression
profiles throughout pregnancy and early infancy with a
series of 46 normal controls of comparable gestational age
(GA) published previously [10,11].

Immunohistochemistry was performed with the antibodies
octamer binding transcription factor 3/4 (OCT3/4); c-KIT;
placental-like alkaline phosphatase (PLAP); testis-specific
protein, Y-encoded (TSPY); VASA; and caspase 3. Octamer
binding transcription factor 3/4 involved in the regulation
of pluripotency (also referred to as POU domain class

Table 1  Schematic representation of origin and protocols used for the different antibodies

Origin Dilution  Pre- HIAR Incubation Secondary AB- Chromogen
treatment antibody complex

Primary antibody

VASA Kindly provided by 1:2000  No Yes Overnight, SWAR-bio ABC-AP New fuchsin
Dr D. H. Castrillon, 4°C
Department of Pathology,
Brigham and Women’s Hospital
and Harvard Medical School,
Boston, Mass

PLAP Cell Marque, 1:200 No Yes Overnight, RAM-bio  ABC-AP New fuchsin
Hot Springs, Ark 4°C

c-KIT Dako-Cytomation, 1:500 No Yes Overnight, SWAR-bio ABC-AP New fuchsin
Glostrup, Denmark 4°C

TSPY Kindly provided by 1:3000  No No Overnight, SWAR-bio ABC-AP New fuchsin
Prof C. Lau, 4°C
Department of Medicine,
VA Medical Center,
University of California,
San Francisco, Calif

OCT3/4 Santa Cruz Bio-technology, 1:1000 H,O, for  Yes 2 h, RT HAG-bio ABC-HRP DAB
Santa Cruz, Calif 5 min

Caspase 3 R&D Systems, 1:8000 H,0, for  Yes Overnight, SWAR-bio ABC-HRP DAB
Minneapolis, Minn 5 min 4°C

Secondary antibody

SWAR Dako-Cytomation 1:200

RAM Dako-Cytomation 1:200

HAG Vector Laboratories, 1:200

Burlingame, Calif

Abbreviations: HIAR, heat-induced antigen retrieval [18]; AB-complex, streptavidin-biotin complex; SWAR-bio, swine antirabbit antibody, biotin
labeled; ABC-AP, streptavidin-biotin-alkaline phosphatase complex; RAM-bio, rabbit antimouse antibody, biotin labeled; RT, room temperature;
HAG-bio, horse antigoat antibody, biotin labeled; ABC-HRP, streptavidin-biotin-horseradish peroxidase complex; DAB, 3,3-diaminobenzidine-

tetrahydrochloride dehydrate.
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S transcription factor 1) is a transcription factor staining
pluripotent stem cells and early germ cells. OCT3/4, ¢-KIT
(the stem cell factor receptor), and PLAP are well-established
markers for the diagnosis of CIS and invasive TGCT

OCT3/4
80 5
60 -
-
an
-
;§ a
5 40 a®
S o
= . 2
3 L]
8 []
o Lg
=2 -
= 204
3 a _ .
a diagnosis
=3 ; a ﬁ&

_§ e a - ® trisomy 21
5 0 af a8 LN o | 4 control
0 20 40 60 80 100 120

(gestational) age (weeks)
PLAP
60
-
50 - -
-
40 4
" L]
2
3
5 30
o
ES
@ [ 1]
Tg 20 “
2 ot
5 &
a ﬁ. diagnosis
5 104 7y a
§ AA . s ® trisomy 21
E aa a
2 0 Py s a 4 control
0 20 40 60 80 100 120
(gestational) age (weeks)
c-KIT
100
-
80 £
L
L]
2 60 .
=1 [ ]
3 . &
e LY
® 404 a
2
3 am
L]
2 54
20 4 . . .
= diagnosis
g a ® trisomy 21
E a
2 ° abla . o o 4 control
0 20 40 60 80 100 120
(gestational) age (weeks)

e e A
"vg o - T A e e
g

P >, ; L
sy S

P T N
B g

't o
o S AN s
s |t Vi B .\t:f‘ st

Wi e JERN oS

&xy i‘l

L S
Fig. 2 A, Octamer binding transcription factor 3/4 expression in
a male individual with trisomy 21 (18 weeks GA, original
magnification X200). B, Octamer binding transcription factor 3/4
expression in a male control (18 weeks GA, original magnification
x200). The number of OCT3/4-positive cells per tubule cross
section is higher in the fetus with trisomy 21 as compared with the
age-matched control.

[12-14] and are normally expressed during early fetal life in
PGCs/gonocytes, the putative cells of origin of TGCT
[10,11]. Testis-specific protein, Y-encoded, encoded by the
TSPY gene, is thought to regulate the mitotic proliferation
of spermatogonia, just before the onset of meiosis [15].
However, this is most likely not its only function because
TSPY is also expressed, mainly in prespermatogonia, during
embryonic life, where no meiosis in males occurs [10].
VASA, the human homologue of the mouse vasa gene,
is a general marker for germ cells [16]. As such, it can be used

Fig. 1  Staining results for OCT3/4 (top), PLAP (middle), and
¢-KIT (bottom) in male individuals with trisomy 21 (black squares)
and controls (triangles). The expression patterns for the 3 markers
are similar in trisomy 21 and in controls: the expression is high in
the second trimester but decreases sharply thereafter. The number
of positive cells is higher in trisomy 21 than in controls at all ages,
and the decline in the number of positive cells is slower.
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to estimate the total number of germ cells in gonadal tissue
samples. In fetal gonadal tissues, VASA was found to
be expressed at a constant level from the second trimester
of pregnancy onward. VASA stains maturing germ cells
(oocytes and prespermatogonia) with a higher intensity than
immature germ cells. Therefore, a reverse correlation exists
between the staining intensity of VASA and the expression
of OCT3/4, the latter staining the immature, pluripotent
germ cells (oogonia and gonocytes) [10,11]. Caspase 3 is
an early product and further executioner in the apoptotic
cascade. Therefore, immunohistochemical detection of
activated caspase 3 is a new and reliable method to
specifically stain early apoptotic, but not necrotic or autolytic
cells [17]. Caspase 3 expression in fetal gonads has not
been studied previously.

2. Materials and methods
2.1. Tissue samples

Gonadal tissue of fetuses, neonates, and infants with
trisomy 21 was obtained after induced abortion or sudden
death (2 due to heart failure, 1 due to meningococcal
septicemia, and 1 due to necrotizing enterocolitis). Eleven
females with trisomy 21, 18 to 36 weeks GA, and 19 males
with trisomy 21, 11 to 19 weeks GA and | week to
15 months old, were included. Unsatisfactory preservation
of tissue samples, as evaluated by hematoxylin-eosin
staining, led to the exclusion of 17 samples. Gonads from
21 females (15-46 weeks GA) and 25 males (15-37 weeks
GA and 5-17 months old) without developmental anomalies
(referred to as controls) were obtained after spontaneous or
induced abortion or cot death. The diagnosis of trisomy
21 was confirmed by amniocentesis and karyotyping in all
cases; trisomy 21 mosaicism led to exclusion of 1 additional
case. Gestational age of patients and controls was calculat-
ed in relation to the mother’s last menstrual cycle and was
in accordance with the crown-heel length measurements
at autopsy.

Use of tissues for scientific reasons was approved by
an institutional review board (Medical Ethical Committee
02.981). The samples were used according to the “Code
for Proper Secondary Use of Human Tissue in The Nether-

Fig. 3  Staining results for OCT3/4, PLAP, and ¢-KIT in female
individuals with trisomy 21 (black squares) and controls (trian-
gles). The expression patterns are similar for OCT3/4 (top) and
PLAP (middle) in trisomy 21 and in controls: high expression early
in the second trimester and a sharp decrease thereafter. The number
of positive cells is higher in trisomy 21 than in controls at all ages
but the decline is sharper, so that around birth, very few positive
cells are found in patients as well as in controls. ¢-KIT expression
(bottom) is highest early in the second trimester and decreases
afterward, to remain stable at a certain level around birth and
during the first weeks thereafter. The number of c-KIT—positive
cells does not differ between patients and controls.
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lands,” as developed by the Netherlands Federation of
Medical Scientific Societies (FMWYV) (version 2002).

2.2. Immunohistochemical staining

After fixation in 10% formalin, tissue sections of 5 um
thickness were prepared. The antibodies used for immuno-
histochemistry and a schematic representation of the
different protocols for the various antibodies are represented
in Table 1. Slides were incubated with the primary and
appropriate secondary antibodies in the indicated dilutions.
Between the different incubation steps, slides were washed
in a phosphate buffered saline (PBS)-Tween 0.01% solution.
Staining was performed using 3,3‘diaminobenzidine-tetra-
hydrochloride dehydrate (DAB)/H,O, or new fuchsin/
naphthol ASMX phosphate. Sections were lightly counter-
stained with hematoxylin. The following positive controls
were included: normal adult male gonadal tissue for VASA,
and caspase 3 and a seminoma sample for PLAP, c¢-KIT,
TSPY, and OCT3/4.

2.3. Quantification of results

In male gonads, the expression of a marker was assessed
by counting the number of positive germ cells in 10 tubular
cross sections. In addition, the number of TSPY-positive
gonocytes (defined as immature luminal germ cells) per 50
TSPY-positive germ cells (gonocytes + prespermatogonia,
defined as maturing germ cells on the basal membrane)
was determined.

In females, all germ cells positive for a given marker were
counted in 1 representative visual field (original magnifica-
tion X200) including comparable surface areas of cortical and
medullary tissue of the ovaries. Caspase 3 activity was
evaluated separately in oogonia (defined as germ cells not yet
engaged in follicle formation) and oocytes (germ cells in-
cluded in primordial follicles) as follows: caspase 3—positive
oogonia were counted in 1 visual field (original magnification
%x200) including comparable surface areas of cortical and
medullary tissue. Apoptotic oocytes were counted in 1 high-
power visual field (original magnification x400) including
only medullary ovarian tissue and expressed as a percentage
of the total number of oocytes.

All counts were performed by the same observer (M. C.),
who was blinded for GA and origin of the tissue material
(patient or control).

Statistical analysis was performed using the SPSS
(Chicago, Ill) statistical program (SPSS 11.5 for Windows).

3. Results

3.1. Staining results for 0CT3/4, PLAP, and c-KIT in
males with trisomy 21 and in male controls

The expression profiles throughout the second and third
trimester of pregnancy were similar for the 3 markers in

trisomy 21 and in controls: the expression was highest
during the first half of the second trimester but decreased
sharply thereafter. However, in trisomy 21, the number of
positive cells was higher at all GAs and the decrease in the
number of positive cells was slower. In controls, around
birth, only a few positive cells were encountered, and at
5 months, these markers had virtually disappeared, whereas
in trisomy 21, at 5 months, a considerable number of pos-
itive cells were still found (Figs. 1 and 2). The prolonged
expression of markers in trisomy 21 was more pronounced
for OCT3/4 and PLAP as compared with c-KIT. The
difference in mean number of positive germ cells per
10 tubule cross sections was statistically significant
for the 3 markers (OCT3/4, P = .004; PLAP, P = .003;
c-KIT, P = .03).
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Fig. 4 A, Octamer binding transcription factor 3/4 expression in
the ovarian cortex of a female with trisomy 21 (20 weeks GA,
original magnification x200). B, Octamer binding transcription
factor 3/4 expression in the ovarian cortex of a control (20 weeks
GA, original magnification X200). Octamer binding transcription
factor 3/4 expression in the cortical germ cells of the fetus with
trisomy 21 is markedly higher as compared with the age-matched
control. Octamer binding transcription factor 3/4—positive cells are
only found in the immature oogonia, mainly residing in the cortical
region of the ovary (in trisomy 21 and control fetal gonads).
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3.2. Staining results for 0CT3/4, PLAP, and c-KIT in
females with trisomy 21 and in female controls

The expression profiles throughout the second and
third trimester of pregnancy were similar in females with
trisomy 21 and in controls for OCT3/4 and PLAP. Positive
cells were mainly found in the cortical region, where
immature oogonia reside, whereas in the medulla, which is
rich in maturing oocytes included in primordial follicles,
very few positive cells were seen. In both patients and
controls, expression of OCT3/4 and PLAP was high early in
the second trimester and decreased around 25 weeks GA.
Around birth, only a few positive cells were seen. The
number of positive cells in trisomy 21 was higher as
compared with controls during early pregnancy, but because
the decline was sharper in this group than in controls, no
maturation delay of germ cells in trisomy 21 was observed
anymore around 35 weeks GA (Figs. 3 and 4). The
differences in mean number of positive cells per visual
field were statistically significant for both OCT3/4 and
PLAP (OCT3/4, P = .005; PLAP, P = .003).

In contrast to OCT3/4 and PLAP, c-KIT was not only
expressed in oogonia but also in oocytes. ¢c-KIT expression
in females (trisomy 21 cases and controls) was highest early
in the second trimester and decreased afterward, but in
contrast to the situation in males, it did not disappear
but remained stable at a certain level around birth and
during the first weeks thereafter (Fig. 3). The number of
c-KIT—positive cells did not differ between females with
trisomy 21 and controls (P = .28).

3.3. Staining results for VASA and TSPY in males
with trisomy 21 and in controls

VASA expression in males with trisomy 21 and controls
was mostly seen in maturing germ cells on the basal
membrane (prespermatogonia), whereas staining in luminal
germ cells (the immature gonocytes) was less frequent and
showed lower intensity. The expression profiles were similar
in trisomy 21 and in controls: VASA was highly expressed
around 20 weeks and decreased afterward to reach a stable
level around birth and the first months thereafter. The
number of positive cells throughout pregnancy was higher
in controls, suggesting a higher number of maturing germ

Fig. 5 Staining results for VASA and TSPY in male individuals
with trisomy 21 (black squares) and controls (triangles). Top,
VASA expression is high around 20 weeks GA, decreases
thereafter, and remains at a constant level from birth onward.
VASA expression is slightly higher in controls than in males with
trisomy 21. Middle, The pattern of TSPY expression is similar to
VASA expression but the number of TSPY-positive cells is higher
in trisomy 21 than in controls. Bottom, This difference is due to the
more frequent positivity for TSPY in gonocytes of patients with
trisomy 21 as compared with the control group where TSPY
expression is predominantly seen in prespermatogonia.
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Fig. 6 A, Testis-specific protein, Y-encoded, expression in a
male with trisomy 21 (19 weeks GA, original magnification
x400). Testis-specific protein, Y-encoded, expression is frequently
seen both in prespermatogonia on the basal membrane (arrows)
and in the centrally located gonocytes (arrowheads). The intensity
of the TSPY staining is very strong as compared with controls. B,
TSPY expression in a male control (18 weeks GA, original
magnification x400). Testis-specific protein, Y-encoded, is mainly
seen in prespermatogonia on the basal membrane (arrows);
gonocytes are often found to be TSPY-negative (arrowheads).

cells in this group compared with the population with
trisomy 21 (Fig. 5). However, this difference did not reach
statistical significance (P = .07).

The expression pattern of TSPY throughout pregnancy
was similar to the expression pattern of VASA. However, in
spite of the lower total germ cell number in trisomy 21, as
evaluated by the VASA staining, more TSPY-positive cells
were found in this group than in controls (Fig. 5). This
difference was statistically significant (P = .02). In the
control group, TSPY expression was mainly confined to
prespermatogonia, confirming results from our previous
study [10]. Yet, in individuals with trisomy 21, TSPY was
frequently seen in gonocytes as well as in prespermatogonia.
The number of TSPY-positive gonocytes per 50 TSPY-
positive germ cells was calculated for males with trisomy

21 and controls (Fig. 5). The difference between the 2 groups
was statistically significant (P = .002). Moreover, the
staining intensity appeared to be stronger in trisomy 21 than
in controls (Fig. 6).

3.4. Staining results for VASA in females with
trisomy 21 and controls

The expression profile of VASA throughout pregnancy in
females with trisomy 21 and controls was comparable with
the profile in males (high expression early in the second
trimester and decreasing thereafter to reach a stable level
around birth) (Fig. 7). No difference in VASA staining was
seen between cortical and medullary regions of the ovary. In
contrast to the males, the total number of VASA-positive
cells did not differ between females with trisomy 21 and
controls (P = .77).

3.5. Staining results for caspase 3 in male and
female individuals with trisomy 21 and controls

In males, apoptotic activity, as indicated by a positive
staining for caspase 3, was mainly seen in gonocytes and
peaked around 20 weeks GA. Around birth, hardly any
apoptotic germ cells can be detected (Fig. 8). No difference
was found between males with trisomy 21 and controls
(P = .17). In females, some apoptotic oogonia were
observed before 20 weeks GA. The rate of apoptosis in
oogonia remained constant throughout pregnancy, without
difference between females with trisomy 21 and controls
(P = .40). Apoptotic follicles appeared around 20 weeks
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Fig. 7 Staining results for VASA in female individuals with
trisomy 21 (black squares) and controls (triangles). VASA
expression is high in early pregnancy and starts to decline from
the 20th week onward, to remain at a stable level around birth.
There is no difference in the number of VASA-positive cells
between females with trisomy 21 and controls.
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GA,; their number showed a slight increase toward the end
of pregnancy (Fig. 8). Again, no difference can be detected
between females with trisomy 21 and controls (P = .55).

4. Discussion

Boys with trisomy 21 (Down syndrome) have an
increased risk for developing a TGCT [1-3]. The earliest
steps of tumor formation are believed to occur in fetal life.
The current hypothesis is that disturbed migration and
maturation of germ cells can result in testicular dysgenesis
and finally leads to an increased risk for CIS and invasive
neoplasia [8,19]. Prolonged expression of immunohisto-
chemical markers such as OCT3/4, PLAP, and c-KIT in
various intersex conditions has been interpreted as a result
of maturation delay of germ cells and has been linked to the
high incidence of germ cell neoplasia seen in these patients
[9,20,21]. To investigate whether germ cell development in
trisomy 21 is characterized by maturation delay, we
examined the expression profiles of an established set of
immunohistochemical markers (see Table 2 for an overview
of expression profiles and references) during fetal life and
early childhood in individuals with trisomy 21 and
compared them with age-matched controls.

The expression profiles of OCT3/4, ¢c-KIT, PLAP, TSPY,
and VASA during fetal life have recently been described in
detail by our group [10,11]. The same series of fetal gonads
served as controls for the present study. In male fetuses with
trisomy 21, OCT3/4, PLAP, and c¢-KIT are expressed longer
and at higher levels throughout pregnancy than in controls.
For OCT3/4 and PLAP, this differential expression extends
well beyond birth. In female fetuses with trisomy 21, OCT3/4
and PLAP are also expressed at a higher level during the first
half of the second trimester, but thereafter, their expression
decreases more sharply than in controls, so that no differences
between female fetuses with trisomy 21 and controls are seen
around 35 weeks GA. c-KIT expression did not differ
between female individuals with trisomy 21 and controls.
Based on these results, it is concluded that germ cell
development is delayed in males and females with trisomy
21, but that this delay is more pronounced in the male group.

Fig. 8 Staining results for caspase 3 in male and female
individuals with trisomy 21 (black squares) and controls (trian-
gles). Top, In males, apoptotic activity is highest in early
pregnancy but decreases afterward and is almost undetectable
around birth. There is no difference in apoptotic activity between
males with trisomy 21 and controls. Middle, Apoptosis is
frequently observed in oogonia throughout pregnancy. There is
no difference in the number of apoptotic oogonia in females with
trisomy 21 and controls. Bottom, Apoptotic oocytes appear at 20
weeks GA, and their number increases toward the end of
pregnancy. There is no difference in the number of apoptotic
oocytes in females with trisomy 21 and controls.
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Table 2 Immunohistochemical markers used for the diagno-
sis of CIS and invasive germ cell tumors

CIS Seminoma  Nonseminoma  Reference
VASA + + = [16]
TSPY 4= Variable - [15,22]
OCT3/4  ++ + EC [14]
c-KIT = Variable - [12,23]
PLAP H+ EC [13]

Abbreviation: EC, embryonal carcinoma.

According to the results for VASA, no difference in germ
cell numbers between female patients and controls was
observed. However, in males with trisomy 21, lower
numbers of VASA-positive cells as compared with controls
point at a disturbed development of maturing germ cells.

Testis-specific protein, Y-encoded, is expressed at a
higher level, and the staining intensity is more pronounced
in the germ cells of the males with trisomy 21 than in
controls. Interestingly, in trisomy 21, TSPY expression is
not only seen in prespermatogonia but is aberrantly
expressed at a high frequency in gonocytes. In controls,
TSPY expression is mainly confined to prespermatogonia;
TSPY-positive gonocytes are only rarely encountered in this
group. A summary of the expression profiles throughout
pregnancy for the different markers in trisomy 21 and
controls is presented in Fig. 9.

Prolonged expression of OCT3/4 and aberrant expression
of TSPY as it is found in PGC/gonocytes of males with
trisomy 21 may be related to tumorigenesis in these cells.
Octamer binding transcription factor 3/4 is normally
expressed in embryonic stem cells, regulating pluripotency
and differentiation of these cells [24]. However, OCT3/4

expression in PGC is related to the survival of these cells,
preventing them from premature apoptosis [25]. Moreover,
OCT3/4 is consistently expressed in various germ cell
tumors, including CIS and gonadoblastoma [14,21,24,26].
In an in vitro model investigating mouse embryonic stem
cell-derived tumors, modulating the level of OCT3/4
expression changed the malignant phenotype of the tumor
cells, thereby suggesting a pathogenetic relevance of OCT3/
4 expression in these tumors [27].

The TSPY gene maps to the short arm of the Y chromo-
some, close to the centromeric region (the so-called
GBY region or gonadoblastoma-susceptible region on the
Y chromosome), where it is highly repeated [28]. Although
the function of TSPY is not fully clarified, it is thought to be
involved in premeiotic proliferation of male germ cells [15].
Aberrant (increased) expression of TSPY in patients with
undervirilization syndromes and gonadal dysgenesis has
been repeatedly related to the development of CIS and
gonadoblastoma in these patients [9,15,22,26].

Increased apoptosis of germ cells has been described in
sex chromosome aneuploid fetal human gonads [29].
Apparently, aneuploidy of autosomes does not provoke a
similar apoptotic wave during fetal life because, in our
study, no difference in apoptotic activity between patients
and controls was observed. Yet, the mechanisms by which
germ cell numbers in fetal human ovaries are regulated
remain to be elucidated [30].

Taken together, our results suggest that trisomy 21 leads
to delayed and possibly disturbed maturation of fetal germ
cells. An effect of trisomy 21 on maturation of germ cells
has been reported previously [8]. With this analysis, we
present a detailed and differential expression profile in male
and female individuals with trisomy 21 throughout preg-
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Fig. 9 Summary of the expression profiles for the different markers in male (left) and female (right) trisomy 21 gonads (light gray) and

controls (dark gray). The PGC markers OCT3/4, PLAP, and c-KIT are expressed at a higher level throughout pregnancy, and the expression
of OCT3/4 and PLAP is prolonged in trisomy 21 as compared with controls, pointing at a delay in the maturation of germ cells in trisomy 21.
The delay is more pronounced in males than in females with trisomy 21. In males, VASA is expressed at a higher level in the control group,
indicating that, in this group, more maturing germ cells can be found as compared with males with trisomy 21. Aberrant TSPY expression
is observed in gonocytes of patients with trisomy 21, resulting in a higher total number of TSPY-positive cells in this group as compared

with controls.
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nancy for the first time. According to our results, the
maturation delay of germ cells is more pronounced in males
than in females. An increased incidence in TGCTs is only
seen in males with Down syndrome. We hypothesize that
the prolonged expression of OCT3/4, as is predominantly
observed in male individuals with trisomy 21, in combina-
tion with an increased TSPY expression, could provide these
PGC/gonocytes with an important advantage to survive and
proliferate. Eventually, this might, after additional, still
unknown pathogenetic hits, lead to clonal expansion of
these cells and the development of CIS in the minority of
cases. In contrast, earlier down-regulation of OCT3/4,
possibly due to entry into meiosis, and the absence of
TSPY expression might prevent female individuals with
trisomy 21 from malignant transformation.

Moreover, trisomy 21 is characterized by male infertility,
whereas female reproductive capacity seems to be preserved
[31]. Whether the more pronounced maturation delay in
males eventually accounts for the observed difference in
gonadal function remains to be elucidated.

Finally, according to our data, identification of male
germ cells with aberrant expression of markers such as
PLAP or OCT3/4 in individuals with trisomy 21 during
embryonic development or in the early postnatal period
points at delayed germ cell development rather than plain
CIS. Clearly, other pathogenetic hits must be involved
because although an increased risk exists, only a minority of
male individuals with trisomy 21 will eventually progress to
CIS and the development of invasive germ cell tumors.

5. Conclusion

By comparing the expression of several immunohisto-
chemical markers in normal fetal gonads with the presence
of these markers in gonads of fetuses with trisomy 21, we
were able to demonstrate that germ cell maturation is
seriously delayed in the latter group. In contrast to
conditions affecting the sex chromosomes, trisomy 21 does
not lead to an increase in apoptosis during fetal germ cell
maturation. For reasons that still need to be elucidated, the
observed maturation delay is more pronounced in male than
in female individuals with trisomy 21. The observed delay
in maturation could result in a prolonged retention of germ
cells in a phase vulnerable to further hits, thereby increasing
the risk for the development of CIS.
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Abstract

Human germ cell tumours (GCTs) have long fascinated investigators for a number of
reasons. Being pluripotential tumours, they can differentiate into both extra-embryonic and
embryonic (somatic) tissues. However, it has never been shown convincingly that, in humans,
these tumours are truly totipotent and can also give rise to the germ lineage, the third major
differentiation lineage occurring early during embryonic life. Using a number of newly
available, distinct, immunohistochemical markers, such as OCT3/4, VASA and TSPY, the
occurrence of germ cells was investigated in a number of germ cell tumours. Development
of germ cells was identified in three independent non-seminomas, including two pure yolk
sac tumours and one mixed tumour composed of yolk sac tumour and immature teratoma.
Our finding indicates a previously unknown totipotent potential of human GCTs and raises
the question of whether, under certain culture conditions, primordial germ cells could be
derived from human GCT cell lines.
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Introduction

Germ cell tumours of adolescents and adults (GCTs)
are at the cross-roads of tumour and developmen-
tal biology. They are pluripotent tumours with mul-
tiple possible fates. Two subgroups can be distin-
guished, seminomatous and non-seminomatous GCTs
(for review, see [1]), and Figure 1 shows their devel-
opmental potential schematically. Seminomas resem-
ble early germ cells (primordial germ cells/gonocytes).
They show limited capacity to differentiate into
somatic or extra-embryonic tissues, although they
can switch to a non-seminomatous phenotype [2].
Non-seminomas mimic early embryonic development.
Embryonal carcinoma (EC) cells, the stem cells
of non-seminomas, are highly similar to embryonic
stem (ES) cells [3] and can give rise to embryonic
endo-, meso- and ectoderm and/or differentiate into
extra-embryonal yolk sac and trophoblast. As they
have never been shown to give rise to the germ
line in humans, they seem to fall one step short of
totipotency.

Recent studies show that germ cells can be derived
from mouse and human ES cells [4-6]. So far,

it has been impossible to identify the development
of germ cells in human GCTs. Recently, antibodies
against several markers present in early germ cells
of both sexes (OCT3/4, a marker for pluripotency,
which is also expressed in ES cells, and VASA, a
germ line-specific protein) or exclusively in male germ
cells (TSPY, the testis-specific protein, Y-encoded),
have been described [7-9]. Our search for germ
cell development in non-seminomas was significantly
supported by recent studies on the presence of these
proteins during normal testicular development [10].

Materials and methods

Research on human tumour samples has been per-
formed according to the Code for Proper Secondary
Use of Human Tissue in The Netherlands, as developed
by the Dutch Federation of Medical Scientific Soci-
eties (FMWYV) (version 2002), and has been approved
by an institutional review board (MEC 02.981).
Formalin-fixed, paraffin-embedded tissue blocks
from germ cell tumours that had been collected
between 1991 and 2003, in close collaboration with

Copyright © 2005 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure |. Developmental potential of normal and malignant germ cells. Normal development after fertilization is depicted in
the boxed area on the left. Both embryonic (soma) and extra-embryonic tissues (trophoblast and yolk sac) develop from the
zygote. Cells from the proximal region of the epiblast contribute to the primordial germ cell (PGC) pool, the allantois and the
extra-embryonic mesoderm. The fate of epiblast cells becoming PGCs is not predetermined, but is specified by response to
localized signals. After puberty, the derivatives of PGCs, known as spermatogonia, will eventually give rise to mature germ cells
that can be fertilized and restart the life cycle (oocyte in females and spermatid in males). Due to as-yet unknown pathogenetic
hits during intrauterine life, developmentally arrested germ cells can give rise to germ cell tumours. In the post-pubertal testis,
this is thought always to involve an intermediate stage, termed carcinoma in situ/intratubular germ cell neoplasia unclassified
(CIS/ITGCNU). Seminomas resemble early germ cells and CIS/ITGCNU, whereas embryonal carcinoma (EC) cells that originate
after reprogramming of CIS/ITGCNU are highly similar to embryonic stem cells from the inner cell mass and can mimic early
intrauterine development after fertilization (see boxed area in the middle). EC can differentiate into choriocarcinoma (CH),
teratoma (TE) or yolk sac tumour (YST). Here we describe for the first time that tumour cells from non-seminomas containing
yolk sac histology can re-activate totipotency and show properties of immature and more mature germ cells (see boxed area to
the right)

urologists and pathologists in the south-western part of
The Netherlands, were retrieved from our archive. In
addition, tumour samples were obtained from patients
treated according to protocols led by the Department
of Hematology/Oncology, University of Tiibingen. All
cases were reviewed and diagnosed by J.W.O., accord-
ing to the WHO classification.

Histochemical and immunohistochemical staining

For immunohistochemistry, 3 um sections were incu-
bated with the primary antibody, followed by
biotinylated secondary antibodies for 30 min and a
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biotinylated streptavidin horseradish peroxidase- or
alkaline phosphatase-coupled complex. The antibod-
ies and conditions used are indicated in Table 1. All
stains were counterstained with haematoxylin.
Double-staining was performed by using a combi-
nation of the same detection method but with differ-
ent substrates: Fast Blue/Naphthol ASMX phosphate
(F3378 and N500, Sigma, Steinheim, Germany) for
blue staining and 3-amino-9-ethyl-carbazole (A.5754
and D4254, Sigma, Steinheim, Germany)/H,O, for red
staining, without counterstaining. Endogenous perox-
idase activity and/or endogenous biotin was blocked
using 3% H,0O; (for 5 min) and/or a blocking kit for
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Table I. Antibodies (source) and detection method used for immunohistochemistry

Dilutions,
incubation Secondary
Clone, time and antibody (1 :200)

Antibody Company code Pretreatment temperature (biotinylated) Visualization
PLAP Cell Marque CMC203 HIAR* I:200, overnight (o.n.), Rabbit anti-mouse ABCplx-ap'

4°C (Dako E0413)
KIT DakoCytomation A4502 HIAR [:500, o.n, 4°C Swine anti-rabbit ABCplx-ap

(Dako E0413)

OCT3/4 Santa Cruz sc-8629 HIAR [:1000, 120 min, room Horse anti-goat ABCplx-hrp?

temperature (RT) (Vector BA9500)
VASA Provided by D. Castrillon HIAR [:2000, overnight (o.n.),  Swine anti-rabbit ABCplx-ap

4°C
TSPY Provided by Y. Lau None [:3000, o.n,, 4°C Swine anti-rabbit ABCplx-ap
BMP4 Novocastra 3H2 None [:100, on, 4°C Rabbit anti-mouse ABCplx-ap
SCF Santa Cruz Biotechnology sc-1302 HIAR [:400 o.n, 4°C Horse anti-goat ABCplx-ap
CD30 DakoCytomation Ber-H2 HIAR [:100 on, 4°C Rabbit anti-mouse ABCplx-hrp?
CD34 Neomarkers QBEnd/ 10, None |:20, 30 min, RT Rabbit anti-mouse ABCpI><—hrp2

MS-363-S

CDélI Immunotech SZ 21,2116 HIAR | : 100, 30 min, RT Rabbit anti-mouse ABCpIx—hrp2
Glycophorin C DakoCytomation M0820 HIAR [:100, 120 min. RT Rabbit anti-mouse ABCplx-hrp?
Lysozyme DakoCytomation A0099 Pronase, 10 min  1:900, 30 min, RT Swine anti-rabbit ABCplx-hrp?
Myeloperoxidase DakoCytomation A0398 HIAR [:5000, 30 min, RT Swine anti-rabbit ABCplx-hrp?

* Heat-induced antigen retrieval.
! ABCplx-ap, streptavidin—biotin—alkaline phosphatase complex.
2 ABC-hrp, streptavidin—biotin—horseradish peroxidase complex.

endogenous biotin (Vector Laboratories, Burlingame,
CA, USA) to prevent background staining.

Results

Detection of cells with germ cell characteristics in
non-seminomas

Markers for immature germ cells and other factors
involved in fetal germ cell differentiation, e.g. germ
cell/placental-like alkaline phosphatases (PLAP), stem
cell factor receptor (c-KIT) and glycogen, were stud-
ied in a series of 34 GCTs of pure non-seminomatous
histology (YSTs, TEs and ECs): in other words,
none of these tumours contained a seminomatous
component, as judged by morphology and immuno-
histochemistry. In three cases, originating from the
testis, the mediastinum and the pituitary gland, respec-
tively, early germ cells were identified by morphol-
ogy and marker expression (see Figure 2). In two
cases, germ cells were found loosely distributed in
clusters throughout the yolk sac component of the
tumours (Figure 2A—E), whereas in the third case
they were localized in tube-like structures (this tumour
contained both yolk sac and immature teratoma com-
ponents). The germ cells showed consistent staining
for OCT3/4 (Figure 2C), PLAP (Figure 2D), c¢-KIT,
TSPY (Figure 2E) and glycogen. CD30 was absent
(Figure 2B insert), ruling out that these cells are EC
cells rather than embryonic germ cells [11]. The pres-
ence of VASA (Figure 2F and lower insert), spe-
cific for late migratory and postmigratory germ cells
[8], indicates that a number of these cells have pro-
gressed beyond the earliest stage of germ line com-
mitment. While the majority of cells were positive

for either OCT3/4 or VASA (Figure 2F), double stain-
ing revealed co-expression of both markers in only a
minority of cells (lower insert), which was also the
case for OCT3/4 and TSPY (Figure 2F, upper insert).
The observation that the cells of interest are negative
for OCT3/4 demonstrate that they are not seminoma
cells.

Detection of cells with characteristics of early
haematopoietic cells

Staining for c-KIT, CD34, lysozyme, myeloperoxi-
dase, Glycophorin C and CD61 showed the presence
of cells with characteristics of early haematopoiesis. In
two cases, nests of cells resembling angiogenetic clus-
ters (so-called haemangioblasts) could be identified by
the presence of c-KIT, CD34 (Figure 2G insert), a
marker for pluripotent haematopoietic stem cells, and
glycophorin C, a marker for red cells and their precur-
sors (Figure 2H insert). A number of other factors for
haematopoietic differentiation (ie lysozyme, myeloper-
oxidase and CD61) were occasionally present. How-
ever, the cells lacked the morphological characteristics
of haematopoietic differentiation, such as blast forma-
tion (data not shown).

All three cases showed the presence of bone mor-
phogenetic protein 4 (BMP4) in the YST component
(Figure 2G), mainly in areas showing hepatoid histol-
ogy. BMP4 was not restricted to the areas contain-
ing germ cells. Moreover, BMP4 was also observed
in non-seminomas (ie yolk sac tumours) without the
presence of germ cell lineage differentiation (data not
shown). Therefore it cannot be considered as a spe-
cific marker. Stem cell factor (SCF), the ligand for
c-KIT, was found in the yolk sac component, most
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often in close association with the developing germ
cells (Figure 2H).

Discussion

An extensive immunohistochemical analysis was per-
formed to study the developmental potential and cell
fate commitment of non-seminomas. We describe
the novel finding of germ cell development in non-
seminomas. In three cases, small groups of cells show-
ing characteristics of fetal germ cell differentiation, ie
loss of OCT3/4 and increased staining for VASA and
TSPY, were found. The same pattern of OCT3/4 and
VASA expression was recently described upon spon-
taneous differentiation of germ cells from human ES
cells in vitro [6] and during normal germ cell develop-
ment in humans [10]. Our findings indicate that germ
cells can develop in non-seminomas, in particular
YSTs showing expression of supporting factors, such
as BMP4 and SCF. It is unknown whether the YST
is the direct precursor of the germ cells or whether
both lines co-develop from one common ancestor. This
seems a rather semantic question; however, as all non-
seminomas originate from a common stem cell, ie the
EC cell (for review, see [1]; see also Figure 1).

Mammalian germ cells originate from the proximal
region of the epiblast. In mouse experiments, ES
cells can be stimulated to differentiate into germ cells
and extra-embryonic mesoderm when grafted to the
proximal epiblast [12]. This indicates that the potential
to become a germ cell may not be restricted to
predetermined progenitor cells but can be induced by
extracellular factors [13]. The nature of these factors is
largely unknown. Recent findings indicate that BMP4
might play a crucial role [4].

In two of the three cases, haematopoietic differen-
tiation was found, underlining the close developmen-
tal relationship between germ cells and haematopoi-
etic precursor cells. In fact, it has been hypothesized
that primordial germ cells could be haematopoiesis-
initiating cells [14], a process in which BMP4 could be
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an important signal [4,15]. Clinically, the relationship
between mediastinal GCTs with yolk sac histology and
acute myeloid leukemias is well established [16,17].
The haematopoietic precursor cells in these tumours
are likely the origin of the leukaemias [18]. The clonal
origin of mediastinal GCTs and haematological malig-
nancies indicate a common malignant stem cell [19].

Failure to demonstrate germ cell development in
non-seminomas so far might have been due to a
number of reasons. It is probably a rare event (so far
found in 3/34 non-seminomas), possibly due to the
absence of crucial factors. Alternatively, development
of germ cells may be hampered by the fact that
these cells are highly susceptible to apoptotic stimuli,
leading to early death. Most important, however, could
be the fact that so far the markers to identify germ
lineage differentiation were lacking. Only the use
of a combination of the markers OCT3/4, VASA
and TSPY has enabled us to identify germ cell
development in non-seminomas. It is highly unlikely
that the presence of these markers is due to aberrant
expression, because of the consistency in loss of
OCT3/4 and increase in VASA, as found during
normal germ cell development. In addition, GCTs
are known to show expression of various markers in
accordance with their physiological pattern, dependent
on their specific lineage of differentiation (for review,
see [1]).

The fact that non-seminoma cells can differentiate
into germ cells is exciting and should be exploited
in vitro using pluripotent GCT cell lines, under cul-
ture conditions that enhance formation of germ cells
[4,6,20]. The resulting germ cells could be traced using
a specific reporter system [4,5] and studied for their
expression profile [6].

Deriving germ cells from human GCTs would be
more than a mere technical exercise. Even though
the cells of origin show neoplastic properties (eg
they are aneuploid), the system would clearly reflect
many aspects of normal germ cell development. It
could therefore provide a readily accessible tool for
the investigation of mechanisms of human germ cell

Figure 2. Representative illustrations of the various immunohistochemical markers identified in the germ cell tumours showing
germ cell differentiation. (A) Testicular yolk sac tumour, haematoxylin and eosin staining (magnification x |0; insert x40). (B) Same
case: a-fetoprotein (AFP) staining is seen as a red cytoplasmic signal. Note the stronger staining intensity in more solid yolk sac
tumour areas, showing a hepatoid pattern (magnification x |0). Insert is staining for CD30, being negative (magnification x20).
(C) Same case: OCT3/4 (brown nuclear signal)-positive cells are scattered throughout the tumour (magnification x 10; insert
%x40). (D) Same case: single cells show a red positive cytoplasmatic staining reaction for placental alkaline phosphatase (PLAP)
(magnification x 10; insert x40). (E) Same case: single cells show a red positive nuclear and cytoplasmic staining reaction for
testis-specific protein on the Y chromosome (TSPY). Note also the weaker staining intensity in more solid yolk sac tumour
areas, showing a hepatoid pattern (magnification x |10; insert 40x). (F) Same case: double staining for OCT3/4 (red nuclear signal)
and VASA (blue cytoplasmic signal). Immature germ cells show strong signal intensity for OCT3/4, but are negative for VASA.
This germ cell-specific marker is exclusively seen in more mature germ cells. The VASA-positive cells are negative for OCT3/4,
and are therefore not seminoma cells (magnification x40). Upper insert: double-staining for OCT3/4 (red nuclear signal) and
TSPY (blue cytoplasmic signal). Note the double positive cells, and the single OCT3/4-positive cells (magnification x40). Lower
insert: double-staining for OCT3/4 (red nuclear signal) and VASA (blue cytoplasmic signal), showing some double positive cells
for OCT3/4 and VASA. (G) Mediastinal yolk sac tumour, bone morphogenetic protein 4 (BMP4) staining (red cytoplasmic signal).
Note the stronger staining intensity in more solid yolk sac tumour areas (magnification x 10). Insert: same case staining for
CD34 (magnification x20). (H) Testicular yolk sac tumour, same case as shown in A—F. Stem cell factor (SCF) is seen as a red
cytoplasmic and membranous signal in the majority of yolk sac tumour cells (magnification x 10). Insert: same case, staining for
glycophorin C (magnification x40)
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development, yet avoiding the ethical issues and
legal restrictions associated with the use of normal
primordial germ cells derived from human embryos
or human ES cells.
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Abstract

Primary intracranial germ cell tumours are rare neoplasms that occur in children and
adolescents. This study examined both the biology and the origin of these tumours, as it has
been hypothesized that they originate from a totipotent primordial germ cell. We applied
recent knowledge from gonadal germ cell tumours and analysed expression of a wide panel
of stem cell-related proteins (C-KIT, OCT-3/4 (POU5F1), AP-2y (TFAP2C), and NANOG)
and developmentally regulated germ cell-specific proteins (including MAGE-A4, NY-ESO-1,
and TSPY). Expression at the protein level was analysed in 21 children and young adults
with intracranial germinomas and non-germinomas, contributing to a careful description of
these unusual tumours and adding to the understanding of pathogenesis. Stem cell related
proteins were highly expressed in intracranial germ cell tumours, and many similarities
were detected with their gonadal equivalents, including a close similarity with primordial
germ cells. A notable difference was the sex-specific expression of TSPY, a gene previously
implicated in the origin of gonadoblastoma. TSPY was only detected in germ cell tumours
in the central nervous system (CNS) from males, suggesting that it is not required for the
initiation of malignant germ cell transformation. The expression of genes associated with
embryonic stem cell pluripotency in CNS germ cell tumours strongly suggests that these
tumours are derived from cells that retain, at least partially, an embryonic stem cell-like
phenotype, which is a hallmark of primordial germ cells.
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Introduction

Primary central nervous system germ cell tumours
(CNS GCTs) are rare neoplasms occurring predom-
inantly in children and adolescents. Nearly 3% of
malignant paediatric tumours are GCTs, of which one
fifth arise in the brain [1,2]. The incidence has appar-
ently been at a steady level over the last decades
[3]. GCTs comprise a large variety of histologically
distinct tumours [4,5]. The germinomas (equivalents
of testicular seminomas and ovarian dysgerminomas)
have features of undifferentiated germinal epithelium.
Embryonal carcinomas (ECs) represent tumours of
immature totipotent cells. Yolk sac tumours (YSTs)
and choriocarcinoma follow an extraembryonic differ-
entiation pattern and secrete «-fetoprotein (AFP) or
human choriogonadotropin (HCG), respectively. Ter-
atomas display an embryonal differentiation mimick-
ing organ structures of all germ layers, with varying

histological grade of maturity and malignantly trans-
formed elements. Clinical presentation, typical local-
isation, tumour imaging, and serum tumour markers
can in most patients establish the diagnosis [1]. A cor-
rect histological diagnosis is of high priority in CNS
GCTs as this determines the choice of treatment.

It was first proposed by Teilum [6] that all GCTs,
irrespective of site, develop from a common precursor,
a totipotent primordial germ cell (PGC) capable of
embryonic and extraembryonic differentiation. As far
as extragonadal tumours are concerned, it was later
hypothesized that these tumours may originate from
ectopic germ cells that failed to undergo apoptosis and
are retained in fetal life in the midline of the CNS
[7]. In testicular adult, but not paediatric, GCTs this
precursor has been identified by Skakkebaek as the
carcinoma in situ (CIS) cell [8,9]. For extragonadal
GCTs, the simultaneous presence of testicular CIS has
been reported only in adult male patients, primarily

Copyright © 2006 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



those with assumed primary retroperitoneal GCTs,
which probably are secondary extragonadal neoplasms
[10,11]. To our knowledge, association of CNS GCTs
with CIS has not been reported; however, testicular
biopsies are hardly ever performed in these patients.

A common origin of gonadal and non-gonadal GCTs
has been studied by several approaches. Analyses
of imprinting status supported a common origin of
paediatric gonadal and paediatric non-gonadal GCTs
[7], but non-gonadal GCTs arising in children display
different genetic aberrations than adult GCTs, for
example they often lack amplification of 12p [12].
On the other hand, intracranial GCTs resemble very
closely morphologically their gonadal counterparts.

We examined the biology and origin of intracra-
nial GCTs. We applied recent knowledge from gonadal
GCTs, and selected proteins with cell differentiation-
related biological functions or developmentally regu-
lated expression patterns. We focused on stem cell-
related proteins (NANOG, OCT-3/4, AP-2y, C-KIT),
and germ cell-specific proteins, including cancer/testis
antigens, which are aberrantly activated in various can-
cers (MAGE-A4, NY-ESO-1), and TSPY, which was
implicated as a cause of gonadoblastoma in dysge-
netic gonads [13,14]. Finally, we analysed markers of
gonadal supportive cells (Sertoli or granulosa cells),
some also identified as markers for the neuroecto-
dermal stroma (AMH, MIC2, NSE), which could be
considered possible pro-survival factors for primordial
germ cells (PGCs) in the CNS.

Patients, materials, and methods

Tissue samples

We included 13 male and 8 female patients (male:
female ratio 1.63:1), median age 12 years (range
0-30) diagnosed with CNS GCTs in Zeeland, Den-
mark (or Greenland, patient M12) in 1987-2004.
Tumours were localized in the midline of the brain
(Table 1). Our series of formalin-fixed tissue com-
prised: 11 germinomas, one embryonal carcinoma, one
YST with polyembryoma, one mixed malignant GCT,
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one mature and three immature teratomas, and two
malignant teratomas. One tumour was not classifiable
with standard immunohistochemical staining, but had
GCT morphology (M12). The project was approved by
the Regional Committee for Medical Research Ethics
in Denmark.

Clinical characteristics of the patients

Information on clinical symptoms was analysed by
retrospective review of records and was available in
most patients. Symptoms at diagnosis included weight
loss, headache, and visual disturbances. Five patients
displayed diabetes insipidus, one amenorrhoea, one
growth retardation, and one precocious puberty. In
two patients the tumour was evident at birth (large
teratomas). HCG and AFP were measured in serum
or cerebrospinal fluid (CSF) in most patients. HCG
was elevated above 3 IU/I in serum in 6/15 patients
and in CSF in 4/13 patients. AFP was elevated above
0.02 pg/l in serum in 4/17 patients and in CSF in 3/12
patients.

Treatment in most patients was guided by the ‘SIOP
CNS GCT 1996’ protocol. All patients initially had
surgery. Two patients had a partial and one a total
tumour excision. In three patients additional surgery
was necessary owing to increased intracranial pressure.
Sixteen patients received surgery, chemotherapy, and
radiotherapy, two had only surgery, two had surgery
and radiotherapy, and one had surgery and chemother-
apy. One patient received pre-operative chemotherapy.
Chemotherapy consisted of 2—4 series of cisplatinum/
etoposide/bleomycin  or  carboplatinum/etoposide/
ifosfamide. Radiotherapy dosage was either 54 Grey
(2 x 15 Grey to the entire CNS and 2 x 12 Grey
to tumour) or 40-54 Grey (1.6-1.8 x 25-30) for
patients receiving craniospinal radiotherapy.

The following post-therapeutic complications
occurred: requirement for ventriculo-peritoneal shunt
(n = 6), cerebral haemorrhage (n =2), impaired
vision (n = 4), facial nerve paresis (n = 2), reduced
hearing/tinnitus (n = 2), hypothyroidism (n = 9), low
growth hormone levels/impaired growth (n =5),

Table I. Histological type and site distribution of the 21 intracranial GCTs

Pineal+ Frontal and
Pituitary+ Pituitary+ mesence- Posterior parietal
Histology/localisation pineal suprasellar Suprasellar Pineal phalon  Orbit fossa lobe
Germinoma (n = 1 1) M5, F6, F8 FI,F7 F2 M4, M9, MI10, M1 | M3
Non-classified GCT (n = I) M2
Embryonal carcinoma (n = 1) MI3
YST + polyembryoma Ml4
(=1
Immature teratoma (n = 3) MI5 Mlé FI7
Mature teratoma (n = I) MI8
Malignant teratoma FI9 M20
w/germinoma (n = 2)
Mixed GCT (n = 1) F21

M, male; F, female.

Information about the staining results of each patient’s tumour is found in Table 3.
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adrenal insufficiency (n = 8), diabetes insipidus (n =
4), and low testosterone (n = 2). Two patients had no
post-therapeutic complications.

One patient (M3) had a brother, who had a testic-
ular GCT, and one patient (F19) had a chromosomal
imbalance and was mentally retarded (45XX,-13,-22,-
der(13),t(13;22)(q34;q11,21)mat). Patients were fol-
lowed up until June 2005 or until death (mean
follow-up 6.1 years, range 0-15). Four of the 21
patients died. One patient died 1 week after birth.
Recurrence occurred in three patients, of whom one
died. Additionally, two patients died in the follow-up
period, but records on cause of death were unavail-
able.

Immunohistochemistry

Immunohistochemical staining was performed once
for each of the antibodies (Table 2) using a standard
indirect peroxidase method as previously published
[15-22]. Briefly, most of the dewaxed and rehydrated
sections were pre-treated in a microwave oven in
a buffer (either TEG buffer = TRIS 1.21g/l, EGTA
0.19¢g/1, pH = 9.0; urea buffer = 5% carbamide, pH =
8.5; Citrate buffer = 10 mmol/l, pH = 6.0), or in pro-
tease (Sigma-Aldrich, St Louis, MO, USA). Subse-
quently, the sections were incubated with 0.5-1.5%
H,0, to inhibit the endogenous peroxidase, fol-
lowed by non-immune goat serum or human serum
to block unspecific binding sites. Incubation with
the primary antibody was overnight at 4°C. Posi-
tive and negative controls were run with every stain-
ing; for negative control, a serial section was incu-
bated with dilution buffer. A secondary biotinylated
goat anti-mouse, rabbit anti-goat or goat anti-rabbit
link antibody was applied, followed by horseradish
peroxidase—streptavidin complex. Between all steps,
sections were thoroughly washed. Visualisation was
with aminoethyl carbazole substrate (all reagents
from Zymed Laboratories, San Francisco, CA, USA),
and light counterstaining with Mayer’s haematoxylin.
Control slides containing testicular neoplasms were

Table 2. Characteristics of antibodies

analysed concomitantly. Initial diagnostic patholog-
ical evaluation included staining of the following
in selected samples: CK, PAS, GFA, NF, S-100,
Vimentin, CEA, LCA, CD3, CD20, CD68, TRA-1-60,
43-9F, and M2A.

Sections were examined under a light microscope
(Zeiss Oberkochen, Germany) and scored indepen-
dently and systematically by two investigators (CEHH
and HL). There were no major discrepancies. In a
few cases, scoring was repeated. Staining was assessed
using an arbitrary semi-quantitative score of the pro-
portion of cells stained (Table 3).

Fluorescence in situ hybridisation (FISH)

Preparation of the sections was similar to that
described above. Sections were deparaffinized, rehy-
drated, and pre-treated with proteinase K solution/
phosphate buffered saline (20 ug/ml; Invitrogen, Carls-
bad, CA, USA). Dehydration was applied before
denaturation of the slides together with probes specific
for the X-chromosome (Texas red-labelled) and the Y-
chromosome (FITC-labelled, green fluorescence) (the
probes were a gift from DakoCytomation, Glostrup,
Denmark). Sections were hybridized for 2 h, washed,
dehydrated, and mounted in Antifade with DAPI
II (125 ng/ml; Vysis Inc, IL, USA). Sections were
examined using an epifluorescence microscope (Leica
Microsystems Wetzlar, Germany) with x100 mag-
nification, and analysed using CytoVysion software
(Applied Imaging, Newcastle, UK).

Results

Based on knowledge obtained from studies of testicu-
lar germ cell neoplasms and normal germ cells during
development, we have allocated all proteins/markers
analysed in this study into functional groups. Table 3
presents the results, which are briefly summarized
below.

Antibody  Type Pre-treatment Dilution Details

PLAP PAb rabbit Protease |:400 A0268, DakoCytomation, Glostrup, Denmark

HCG PAb rabbit Protease |:8000 A0231, DakoCytomation, Glostrup, Denmark

AFP PAb rabbit Protease | :400 A0008, DakoCytomation, Glostrup, Denmark

OCT-3/4 MAb mouse  TEG buffer 1:300 C-10, sc-5279, Santa Cruz Biotechnology Inc, CA, USA

C-KIT PAb rabbit TEG buffer [:400 CD117, A4502, DakoCytomation, Glostrup, Denmark

AP-2y MAb mouse Urea buffer I:50 6E4/4:sc-12 762, Santa Cruz Biotechnology Inc, CA, USA

NANOG PAb goat Citrate buffer [:50 AF1997, R&D Systems, MN, USA

CDHI MAb mouse Urea buffer [:100 [3-1700, Zymed Laboratories, San Francisco, CA, USA

MAGE-A4 MAb mouse Citrate buffer [:200 Gift from Gulio Spagnoli, Ludvig Inst. for Cancer Research, Lausanne, Switzerland
NY-ESO-1 MAb mouse None |:50 Gift from Gulio Spagnoli, Ludvig Inst. for Cancer Research, Lausanne, Switzerland
TSPY PAb rabbit TEG buffer 17000 From Chris Lau, VA Med Center, Univ. California, USA

NSE MAb mouse Citrate buffer |:80 MO0873, DakoCytomation, Glostrup, Denmark

MIC2 MAb mouse  TEG buffer [:50 CD99, M3601, DakoCytomation, Glostrup, Denmark

AMH MAb mouse Urea buffer I:150 Gift from Richard L Cate, Biogen (R.C), MA, USA

MAb, monoclonal antibody; PAb, polyclonal antibody; TEG buffer: TRIS 6.06g/5], EGTA 0.95g/5], pH = 9.0; urea buffer: 5% carbamide, pH = 8.5;

citrate buffer: 10 mmol/l, pH = 6.0.
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Re-examination of well-established GCT markers

Placental alkaline phosphatase (PLAP), a marker
of GCTs and PGCs, was detected in 17/21 GCTs.
HCG staining was only seen in scattered syncytiotro-
phoblasts, which were present in eight samples. AFP
staining was seen in the tumour containing YST +
polyembryoma, and in gut-derived components of two
non-germinomas.

Expression of transcription factors related to stem
cell characteristics

The results for three proteins associated with pluripo-
tency, OCT-3/4, AP-2y, and NANOG, were very sim-
ilar. They were all positive in most germinomas, in
the sample containing YST + polyembryoma, and in
the two malignant teratomas with germinoma compo-
nents. Small differences were noted, eg AP-2y expres-
sion was detected in some glandular elements of the
malignant teratomas (Figure 1 shows a serial section
comparison). In addition, the expression of C-KIT,
a marker of several tissue-specific stem cells, was
detected in all germinomas and 7/10 non-germinomas.

@

Expression of developmentally regulated germ
cell-specific proteins

MAGE-A4 (melanoma antigen-encoding gene-A4)
was expressed heterogeneously in half of the sam-
ples containing germinoma. Our antibody may also
detect expression of other MAGE family members.
Expression of MAGE-A4 was also seen in the YST +
polyembryoma, which was the only tumour sample
where NY-ESO-1 (CTAGIB/IAGE) was expressed;
expression of the two was overlapping but not identi-
cal (Figure 2). TSPY (TSPY]1, the testis-specific pro-
tein, Y-encoded) was positive in 7/13 tumours from
male patients and negative in tumours from female
patients. In selected cases where material was avail-
able, presence of Y-chromosome material was anal-
ysed by FISH. Y-probe signals were only detected in
tumour samples from male patients (Figure 2).

Expression of markers of gonadal stroma and
neuroectoderm

AMH (anti-Miillerian hormone, also known as MIS,
Miillerian-inhibiting substance) was detected in the
vicinity of one germinoma sample in distinct groups of

LT ’

Figure |. Expression pattern of four stem cell-related markers (C-KIT, OCT-3/4, AP-2y, and NANOG) in serial sections of a
malignant teratoma with germinoma component revealing many similarities. (A) C-KIT; (B) OCT-3/4; (C) AP-2y; (D) NANOG.

Scale bar = 50 um
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Figure 2. Examples of expression of genes related to germ cell properties. (A) MAGE-A4 and (B) NY-ESO-I in
YST + polyembryoma. (C) TSPY in a malignant teratoma (male patient). The inserted FISH image shows a cell from the
same sample; chromosome X (red) and Y (green) material is present. (D) No TSPY staining in a mixed malignant GCT (female
patient). The inserted FISH image from the same sample shows signal only from the chromosome X. Scale bar = 50 um

cells, whereas all other samples were negative. MIC2
(CD99) staining was detected in a subset of the tumour
samples in a small percentage of tumour cells, and
also in neuroectodermal components. NSE (neuron-
specific enolase) was first described as a marker of
neuroendocrine tumours [23], but high levels have also
been described in testicular GCTs and CIS, where
NSE expression may be due to the increased gene
dosage effect associated with the overrepresentation
of isochromosome 12p [16,24,25]. CDH1 (E-cadherin)
expression was seen in a subset of non-germinomas in
epithelial elements. CDHI is an adhesion glycoprotein
primarily expressed in epithelial tissues that in testis
is expressed in fetal gonocytes, seminomas, and non-
seminomas, but not in adult testes [26].

Discussion

The pathogenesis of the rare intracranial GCTs remains
poorly understood. We performed an extensive anal-
ysis of a panel of proteins in a series of 21 tumour
samples of intracranial GCTs, which is one of the

J Pathol 2006 (in press)

largest series ever examined in detail. Our patients
had representative tumour types, age and sex distri-
bution compared with previously published groups of
patients.

The most important findings of this study con-
cern the pattern of expression of genes associated
with embryonic stem cell pluripotency and germ cell-
specific genes, the majority never previously stud-
ied in CNS GCTs. We examined the question of
whether CNS GCTs originate from displaced PGCs or
rather from more undifferentiated stem cells, which
for unknown reasons directly form embryonic-like
tumours or tumours with a germinoma phenotype. The
latter may be caused by the presence of factors facil-
itating germ cell specification in the midline area of
the body. Our choice of genes was based on studies
reporting their expression in testicular GCTs and in
their precursor cell, CIS [27,28]. OCT-3/4 (POUSFI,
a POU-family transcription factor), and NANOG (a
homeobox gene) are recently described key regulators
of self-renewal and pluripotency features of embryonic
stem cells [29-31]. Outside early embryonic develop-
ment, OCT-3/4 and NANOG are only expressed in
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PGCs, oogonia, and gonocytes, and are not expressed
in spermatogonia or later stages of germ cell dif-
ferentiation [20,22,32]. Therefore both proteins, but
in particular OCT-3/4 for which excellent antibodies
exist, are good markers for neoplastic germ cells in
any location in the body, including CIS, gonadoblas-
toma, germinoma/dysgerminoma/seminoma, and ECs
[20,22,32,33]. The presence of OCT-3/4 and NANOG
in CNS GCTs suggests that some components of these
tumours retain embryonic stem cell-like pluripotency,
probably explaining the frequent presence of teratoma-
tous somatic components.

We examined two representatives of the ‘can-
cer/testis’ gene family located on the X-chromosome,
MAGE-A4 and NY-ESO-1 [34], which normally are
germ cell-specific but reappear in various somatic
cancers. Both are expressed in testis in spermatogo-
nia/primary spermatocytes, but appear in gonocytes
first around weeks 17-18, when they begin to dif-
ferentiate into pre-spermatogonia [18,19,35]. They are
heterogeneously expressed in CIS and classical semi-
noma (MAGE-A4) or spermatocytic seminoma (NY-
ESO-1) [18,19]. In accordance with this pattern, we
found heterogeneous staining of MAGE-A4 in some
germinomas, but hardly any NY-ESO-1. We did not
detect any sex-specific differences, as NY-ESO-1 was
positive in only one (male) patient, and MAGE-A4-
positive samples were detected in both sexes.

The results of the expression of another germ cell-
specific gene, TSPY [36], provided a novel functional
insight. It has been hypothesized that TSPY may be the
gene in the Y chromosome GBY locus disposing dys-
genetic gonads to gonadoblastoma [14]. It is expressed
in gonocytes, spermatogonia, CIS, gonadoblastoma,
and seminoma [14,26,37,38]. In a recent study of
gonadoblastomas, the authors suggested that TSPY
may be a marker of cells with invasive potential [37].
Another study detected the expression of TSPY in
hepatocellular carcinoma, suggesting that it may be
a novel cancer/testis antigen [39]. We did not find evi-
dence supporting TSPY involvement in the malignant
transformation, as it was only expressed in tumours
from male patients. As germinomas in males and
females exhibited virtually identical phenotype and
clinical aggression, involvement of TSPY in intracra-
nial GCT development can be excluded, and TSPY
expression in gonadal tumours may simply be asso-
ciated with presence of the Y-chromosome (or a part
of it) in germ cells, thus reflecting the physiological
phenotype of male germ cells.

We also investigated two proteins associated with
various tissue-specific stem cells: AP-2y (TFAP2C)
and C-KIT tyrosine kinase receptor for stem cell factor
(SCF). Both have a developmentally regulated expres-
sion pattern in the gonads (present only in immature
gonocytes/oogonia) and are highly expressed in CIS,
seminoma, and dysgerminoma [15,40,41]. Previously,
a study reported AP-2y expression in six germino-
mas [42]. Our analysis in a large series of CNS
GCTs showed an AP-2y expression pattern in CNS

GCTs identical to that seen in gonadal tumours. The
KIT/SCF system is of particular interest, because it
was reported to have an anti-apoptotic function during
PGC migration [43]. High expression of KIT detected
in our study and in a previous study [44] is consistent
with a hypothesis that KIT/SCF may be involved in
survival of ectopic PGCs. Recently, a gain-of-function
mutation in the KIT gene was found in bilateral tes-
ticular GCTs [45]. To our knowledge, similar studies
have not yet been performed in CNS GCTs.

We were curious whether the presence of ectopic
germ cells in the CNS would be associated with stro-
mal cells having phenotypic features of cells physio-
logically accompanying and nourishing germ cells in
the gonads. Therefore, we examined two markers for
Sertoli/granulosa cells, MIC2 and AMH. MIC2 is a
pseudoautosomal glycoprotein with functions related
to cell adhesion and apoptosis. However, in addi-
tion to Sertoli cells, granulosa cell tumours, Sertoli
cell tumours, and Leydig cell tumours, MIC2 is also
expressed by T-cells, Ewings sarcoma, and is con-
sidered a marker for primitive neuroectodermal cells
[46—49]. In accordance with that, we detected MIC2
in some neuroectodermal-like components of a sub-
set of tumours. AMH (MIS) is a glycoprotein causing
involution of Miillerian ducts in the fetus leading to
male differentiation. AMH is expressed by immature
Sertoli cells, granulosa cells, and by sex cord-stromal
tumours [17,50]. No tumour samples were AMH pos-
itive, but we detected small groups of AMH-stained
cells in the vicinity of one germinoma sample. We do
not presently have an explanation for this, and cannot
exclude the possibility of a genuine AMH expression
in CNS or a cross-reaction with a related protein.

Expression of the classical markers of GCTs (PLAP,
HCG, and AFP) was as expected. Most of the samples
were PLAP positive, confirming its value as a good
marker for CNS GCTs, mainly germinomas. Com-
parison of germinoma markers revealed that PLAP,
C-KIT, and NANOG recognized all germinomas in
our series, while AP-2y recognized 91% and OCT-
3/4 recognized 82%. We found no association of any
of the studied markers with the clinical history and
tumour progression.

In summary, analysis of the immunohistochemi-
cal expression pattern of a panel of classical and
novel testicular GCT markers contributed to a careful
description of their intracranial equivalents, and pro-
vided additional tools for differential diagnosis of rare
intracranial tumours. We have improved phenotype
characterization of these special tumours, and demon-
strated that they retain several features of pluripotent
embryonic stem cells, resembling in this respect tes-
ticular GCTs. As immature germ cells are the only
cell type that retains pluripotency outside early embry-
onic life, our findings are consistent with the currently
prevalent hypothesis that CNS GCTs originate from
PGCs displaced during migration. It is, however, still
not clear why a subset of the PGCs can survive and
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later develop into tumours. In the testis, the dysge-
netic and oncogenic development seems likely to be
caused in part by exogenous, hormonal-like factors
acting upon a genetically susceptible fetus [51]. Dif-
ferent mechanisms could lead to the intracranial GCTs,
which apparently have not increased in incidence, as
has been seen for testicular GCTs [3]. At present, a dis-
turbance in the control of germ cell migration appears
to be the most probable cause of CNS GCTs. The
mechanisms are unknown and may include a mutation
in one of the genes involved either in an anti-apoptotic
or a pro-survival pathway during migration. Epige-
netic changes leading to aberrant gene expression and
protein dysfunction may also be involved. The pres-
ence of embryonic pluripotency genes along with germ
cell-specific markers in CNS GCTs confirms their sim-
ilarity to gonadal GCTs, with one important difference
in the lack of precursor lesions, CIS/gonadoblastoma,
which require the presence of male-specific genes. The
combined results of this study argue against a role for
TSPY in the pathogenesis of CNS GCTs and provide
new evidence for the origin of these tumours from
PGCs.
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